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Among transition metal nitrides (TMNs), refractory molybdenum nitrides have been deployed 
in a wide array of strategic industrial applications due to their remarkable mechanical electrical 
and catalytic properties.  This dissertation has a two-fold aims; first to comprehensively report 
electronic, thermo-mechanical and electronic characteristics of the bulk and surfaces of 
molybdenum nitride, and secondly to construct robust mechanistic pathways for prominent 
catalysed reactions.  Most parts of this thesis utilise the density functional theory (DFT) 
framework to acquire these two objectives. I have carefully benchmarked the accuracy of 
theoretically-obtained results against experimental quantities pertinent to investigated systems, 
most notably, lattice parameters of bulk phases, bulk modulus, surface relaxations, and 
chemical conversion values. 
Atomic charge distributions and density of states enabled to illustrate the bonding nature of 
investigated phases of molybdenum nitrides.  For instance, we found that the MoN phase 
largely exhibits a metallic character with strong Mo-N ionic bonds.  Based on estimated Gibbs 
free energies, the cubic phase of molybdenum nitrides incurs higher thermodynamic stability 
than the hexagonal phase, with no detected phase transition in the selected T–P ranges, as 
experimentally observed.  The elastic stiffness coefficients of MoN in the hexagonal structure 
indicated higher mechanical stability in reference to the cubic structure. The optical 
conductivity of both phases near zero-photon energy coincides well with their metallic 
character inferred by their corresponding density of states curves.  
Motivated by the fact that, the hexagonal structure δ-MoN is a potential replacement for cubic 
boron nitride (c-BN) and diamond (ultra-incompressible materials), we elect to 
computationally study the electronic properties, thermodynamic stability phase diagram, and 
vacancy formation energies of all plausible atomic terminations of NiAs and WC-type 
configurations of δ3-MoN and δ-WN hexagonal phases, correspondingly.  Various low Miller 
indices of surface terminations of δ3-MoN and δ-WN have been considered. Ab initio atomistic 
thermodynamic analysis predicts that N-terminated (111) and (100) slabs to be the most 
energetically favourable surface terminations amongst the explored surfaces of δ3-MoN and δ-
WN, respectively.  Evidenced by plotted density of states, bulk and surfaces of δ3-MoN and δ-
WN display a metallic character.  In terms of surface relaxation and reconstructions, most 
investigated surfaces experience mainly downward displacements of their topmost layers.  
Most notably, the relaxed Mo-termination in (111) and (100) surfaces of δ3-MoN, demonstrate 
significant reconstructions resulted in the first layer to be solely truncated with nitrogen atoms 
 
vii 
instead of molybdenum in the un-relaxed initial geometry.  Nevertheless, no significant surface 
reconstruction has been noticed in most of considered δ-WN configurations. Calculated 
Bader’s electronic charges reveal charge transfer from Mo/W atoms to N atoms, largely 
retaining the ionic bond nature in their bulk phases.  Moreover, computed vacancy formation 
energy calculations indicated that creation of surface nitrogen vacancies are a highly 
endothermic process. 
After considering bulk and surface properties, mechanistic and kinetics aspects for several 
hydrogen-transfer involved reactions have been investigated.  The selective hydrogenation of 
acetylene (ethyne), present in hydrocarbon feed into ethylene (ethene) plays a critical 
importance in petroleum unit operations.  The dissociative adsorption of hydrogen over the γ-
Mo2N surface preferentially occurs over the vacant nitrogen sites.  Our calculated overall 
uptake rate of hydrogen molecules by the γ-Mo2N surface correlates very well with analogous 
experimental findings.  Likewise, accessible energy barriers for hydrogen migration from a low 
energy site (N-vacant) to a higher energy site (atop N) accounts for the experimentally observed 
facile mobility of hydrogen atoms over surfaces of Mo2N.  The constructed detailed 
mechanisms for the partial and full hydrogenation of C2H2 into C2H4 and C2H6; respectively, 
highlight several thermodynamic and kinetic factors that underline the selective occurrence of 
partial rather than full hydrogenation of alkynes over transitional metal nitrides in general.  For 
instance, we demonstrate that a higher barrier for the initial hydrogenation step in the full 
hydrogenation route in comparison to the analogous step in partial hydrogenation pathway 
(17.4 kcal mol-1 versus 10.8 kcal mol-1) to contribute significantly in the selective occurrence 
of partial hydrogenation of alkynes cuts.  
It is well-known that catalytic removal of the S-content from thiophenic compounds is an 
essential step in efforts aiming to diminish the environmental burdens of transportation fuels. 
We therefore investigate the hydrodesulfurization HDS mechanisms of thiophene C4H4S over 
γ-Mo2N catalyst via DFT calculations.  We found that the thiophene molecule preferentially 
adsorbs in a flat mode over 3-fold fcc nitrogen hollow sites.  The HDS mechanism may 
potentially proceed either unimolecularly (direct desulfurization) or via H-assisted reactions 
(hydrogenation).  Due to a sizable activation barrier required for the first C−S bond scission, 
we predict that the direct desulfurization to contribute insignificantly in the HDS mechanism. 
Migration of adsorbed hydrogen atoms from the γ-Mo2N surface to the thiophene ring 
significantly reduces activation barrier required in the C−S bond scission. Estimated 
conversion values predict a 50-70% consumption of thiophene at temperature as low as 700 K 
 
viii 
and at low values of gas hourly space velocities.  Our computed conversion values were in a 
qualitative agreement with analogous limited experimental estimates. 
I also probed the reduction mechanism of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-
CAN) over the γ-Mo2N (111) surface. Our findings display that, p-CNB prefers to be adsorbed 
over two distinct adsorption sites namely, hollow fcc and N-hollow hcp sites with relatively 
sizable adsorption energies.  We establish that, the activation of nitro group proceeds through 
direct pathway along with forming several reaction intermediates.  Most of these intermediaries 
reside in a significant well-depth in reference to the entrance channel.  Central to the 
constructed mechanism is H-transfer steps from fcc and hcp hollow sites to the NO/-NH groups 
through modest reaction barriers.  Our computed rate constant for the conversion of p-CNB 
correlates very well with the experimental finding at the temperature window of the catalytic 
tests.  Plotted species profiles via a simplified kinetics model confirm the experimentally 
reported high selectivity toward the formation of p-CAN at relatively low temperatures.   
In this dissertation, not only binary TMNs, but also ternary TMNs have been investigated in 
the form of Cr−Mo−N thin films.  Closed field unbalanced magnetron sputtering ion plating 
(CFUMSIP) was deployed to fabricate the aforementioned films with different Mo contents. 
XRD results confirmed the face centered cubic (fcc) structure of pure CrN film. The 
incorporation of molybdenum (Mo) in the CrN matrix, however, was confirmed by both XRD 
and XPS analyses.  The CrMoN coatings demonstrate various polycrystalline phases including 
CrN, γ-Mo2N, Cr with oxides layers of MoO3, CrO3, and Cr2O3.  Microstructure results show 
that the grain size of Cr-Mo-N coatings increases with the increase of Mo content due to the 
formation of MoN phase, when Mo atoms interact with N atoms around the grain boundaries 
of CrN phase.  The optical results revealed that, the synthesised coatings exhibit low reflection 
magnitudes in the visible region of the solar spectrum, introducing them as good antireflection 
surfaces.  Mo-containing samples improved solar absorptance of about 76% was recorded in 
the wavelength range of 200 – 800 nm.  However, low thermal emittance of about 20% was 
obtained at 2500 – 15000 nm.  Measured experimental and DFT computed values exhibited 
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Chapter 1 : Introduction and Thesis Outline 
1.1 Introduction 
Owing to unique chemical, electronic and mechanical properties, transition metal nitrides 
(TMNs) are now widely deployed in a wide array of industrial applications.  Their remarkable 
attributes encompass high hardness, elevated melting points, high wear resistance, profound 
chemical stability, low electrical resistivity, and a superior catalytic selectivity.  They find 
direct utilizations in diverse fields spanning cutting machineries, absorbance of solar energies, 
and catalysis. Of particular importance are molybdenum nitrides-based materials (MoNx, x = 
0.5-2.0).  Facile synthesis routes for MoNx surfaces and films coupled with their remarkable 
aforementioned properties; render their increasing replacements of precious metals in various 
applications.  Doping Mo with nitrogen drastically alters its electronic structure and renders it 
suitable for a niche category of applications.  Great deal of recent theoretical and experimental 
research on MoNx has focused on the γ-Mo2N phase that crystalizes in randomly distributed 
nitrogen atoms in the unit cell structure.  The electronic structure of γ-Mo2N is mainly 
dominated by the contribution of mixed and strongly hybridized states of Mo-4d and N-2p 
states.  This in turn modified the electronic properties of γ-Mo2N to mimic analogous behaviour 
of precious metals.  In addition to their deployment as protective layers for machineries that 
work under harsh conditions of elevated temperatures and pressure in excessively corrosive 
media, Mo-nitrides have long been utilized as catalysts in prominent chemical applications.  
Among various chemical applications, great deal of research has focused on hydrotreating 
catalysts by molybdenum nitride with a focus on hydrogenation HYD, hydrodesulfurization 
HDS, and hydrodenitrogenation HDN reactions.  
Variant characterization techniques have revealed that introducing alloying elements largely 
enhance mechanical, electronic and optical properties of parent materials.  Comprehensive 
experimental studies of ternary transition metal nitrides in the form CrxMo1-xN coatings grown 
by different deposition methods have been carried out.  Although it is very well known that 
CrN to be a super-hard material on its own right, mechanical properties of Cr–Mo–N coatings 
represented by micro-hardness values and residual stress have shown that adding various ratios 
of molybdenum systematically improves its hardness.  Moreover, friction of coefficients has 
been reduced by integrating certain contents of molybdenum, pointing to plausible tribological 




enhancing the optical behaviour of CrN coatings as potential solar selective surfaces.  This 
could be achieved by investigating the Ultraviolet–visible (UV-vis) and Fourier-transform 
infrared (FTIR) spectra of Cr-Mo-N coatings.  Atomic-scale understanding significantly 
contributes in the advancement in materials science nowadays.  Therefore, it is insightful to 
couple surface measurements with analogous results sourced from accurate materials 
simulations.  
Computational modelling by implementing accurate density functional theory (DFT) 
calculations has emerged as a powerful and an accurate tool to describe the physics and 
chemistry of materials, and their course of interactions with gas phase molecules.  Several 
important aspects that underline the catalytic capacity of a material could only be accessible 
via DFT calculations.  For instance, reaction intermediates in catalytic reactions are too-short 
lived for successful experimental identification.  In this thesis, we have utilized DFT 
calculations and surface measurements to report thermo-mechanical, optical, electronic, 
structural and catalytic-based properties of transition metal nitride materials.  Overall, I have 
provided a theoretical elucidation into catalysis by γ-Mo2N phase, properties of Mo-N and 
tungsten nitride (W-N) surfaces, and optical characteristics of Cr–Mo–N films.  It is hoped that 
acquired theoretical and experimental results will aid in the fine-tuning of TMN properties into 
desired practical applications spanning chemical reactions and optical devices.  
1.2 Hypothesis 
“The unique structural and electronic attributes of transition metal nitrides is expected to afford 
these materials catalytic, optical and mechanical applications.  The underlying aim of the thesis 
is to link the aforementioned properties with the experimentally observed characteristics of 
these materials.  For instance, it was shown experimentally that γ-Mo2N displays a profound 
catalytic capacity toward a wide array of selective hydrogenation reactions.  We envisage that 
hosting hydrogen atoms in structural voids of Mo2N to be a key mechanistic factor in these 
industrially important hydrogenation reactions.  Likewise, a plausible absorbance of light by 
transition metal oxides in the near visible light spectra is expected to derive significant optical 
applications”  
 
1.3 Scope of This Thesis 




1-Reported thermo-mechanical properties for the two stoichiometric configurations of MoN 
phases; namely, c-MoN (cubic) and δ3-MoN (hexagonal) phases via DFT calculations coupled 
with the quasi-harmonic approximation (QHA) calculations.  
2-Constructed a stability phase diagram that encompasses all Mo and W nitrides plausible 
surface terminations via applying the ab initio atomistic thermodynamics approach. 
3-Estimated the formation energies required to create a surface nitrogen vacant sites in 
hexagonal MoN and WN surfaces, and their corresponding equilibrium concentrations at a 
temperature range of 300-1000 K.  The underlying aim is to determine the surface density of 
these potent active catalytic sites.  
4-Exlored chemical reactions governing the hydrogen uptake by γ-Mo2N surfaces, constructed 
reaction routes for the hydrogenation mechanisms of triple and double bonds in C2H2 and C2H4, 
correspondingly, and provided global-like kinetics models that satisfactorily accounts for 
experimentally observed profiles of products.  
5-Theoretically investigated the hydrodesulfurization HDS mechanisms of thiophene C4H4S 
over γ-Mo2N catalyst by means of DFT calculations.  This process is central in ongoing efforts 
to remove the S-content from sulfur rich fuels such as transportation fuel for example.  
6-Reported reaction pathways and kinetic parameters for the reduction mechanism of p-
chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) over γ-Mo2N (111).  The latter 
compound is an important intermediate in various chemical products, most notably pesticides, 
perfumes, and pigments. 
7-Provided experimental measurements and matching DFT calculations to inspect structural, 
chemical bonding state, and optical properties of Cr-Mo-N coatings. The significance of such 
ternary coatings is manifested by enhancing optical and mechanical properties of parent CrN 
coatings. 
1.4 Thesis Outline 
This thesis embodies comprehensive studies investigating the catalytic activities, bulk and thin 
film properties of MoN-based materials.  Practical applications of materials stem from their 
microscale properties.   For this reason, a significant part of this thesis reports pertinent thermo-
mechanical, optical and electronic properties of bulk and surfaces of molybdenum nitrides.  




computations, construct reactions mechanisms, and estimate kinetic parameters.  While 
catalysis by molybdenum nitride has been the main focus in the thesis, sophisticated thin films 
characterizations of Cr-Mo-N system had been carried out with the objective to assess its 
potential usage in solar selective devices. Figure 1.1 displays thesis structure. Herein, I present 
an overview of thesis outlines. 
Chapter 2 demonstrates an inclusive literature review focused on the recent development of 
transition metal nitrides with a particular focus on their synthesis routes and profound catalytic 
activities.  This Chapter presents detailed accounts of metal nitrides chemistry, their structural, 
electronic, and mechanical properties.  The Chapter also critically surveys related theoretical 
and experimental studies that report catalysis by molybdenum nitrides.  Moreover, the Chapter 
comprehensively review relevant experimental studies encompassing magnetron sputtering, 
temperature programmed reaction (TPR), x-ray diffraction (XRD) measurements, surface 
morphologies, and catalytic tests.  On the theoretical side, I mainly summarised DFT-related 
studies that illustrate reaction networks for catalytic-assisted reactions and how their reported 
thermo-kinetic parameters correlate with related experimental findings.   
Chapter 3 briefly accounts for implemented theoretical methodologies throughout chapters of 
the thesis (DFT methodology, functionals and procedures of DFT implementation, AB initio 
atomistic thermodynamics, phonon frequencies calculations, and the transition state theory 
(TST)). This Chapter also presents deployed DFT codes.  Experimental techniques utilized in 
Chapter 9 are also illustrated.  
Chapter 4 reports thermo-elastic and optical properties of cubic and hexagonal phases of 
molybdenum nitride.  First, I present the geometric and electronic properties of these two 
phases and found that cubic phase exhibits higher thermodynamic stability and thermal 
expansion coefficients than the hexagonal δ3-MoN phase.  However, the hexagonal phase was 
predicted to be harder and more mechanically stable.  Predicted reflectivity in the wavelength 
range of 250–800 nm indicates a promising potential utilisation of MoN films in antireflection 
coating applications.  The plotted energy-dependent spectrum of the real and imaginary parts 
shows that the considered two phases share matching optical properties. Density of states DOSs 
curves suggest that, the chemical reactivity of the MoN materials is primarily controlled by 
their unfilled Mo-d orbital.  
Chapter 5 demonstrates a comprehensive DFT study to investigate geometries, electronic 




initio atomistic thermodynamics computations point out to the thermodynamic stability of N-
terminated (111) and (100) configurations in δ3-MoN and δ-WN, respectively. DOSs plots, 
predicted a metallic character for bulk and surfaces of δ3-MoN and δ-WN.  Geometrically, most 
of the investigated surfaces experience mainly downward displacements of their topmost 
layers. 
Significant part of this thesis has focused on hydrotreating processes over γ-Mo2N.  Theses 
catalysed chemical reactions incur strategic industrial applications.  Investigated reactions 
encompass partial and full hydrogenation of C2 and C4 adducts HDS of thiophene, and 
hydrogenation of p-(CNB) into p-(CAN). 
Chapter 6 investigates the selective hydrogenation of ethyne into ethene rather than ethane 
over γ-Mo2N surfaces. The reported results on the interaction of hydrogen with the γ-Mo2N 
surfaces concur very well with the analogous experimental findings pertinent to preferable 
adsorption on nitrogen vacant sites, number of active sites, reaction rate constants and overall 
uptake of hydrogen molecules by Mo2N surfaces.  The constructed reaction mechanism and 
computed reaction rate constants serve to compute the chemical conversion values with 
analogues experimental values and to deduce for the first-time thermo-kinetics factors that 
underpin the occurrence of selective partial hydrogenation rather than full hydrogenation of 
alkynes over transition metal nitrides.  
Chapter 7 inspects the HDS mechanisms of thiophene over γ-Mo2N surface catalyst.  Herein, 
I investigate all physisorbed and chemisorbed modes of the thiophene before calculating 
reaction and activation energies for all involved reactions steps.  Findings from this Chapter 
highlight predominant reaction routes for the HDS of thiophene (a major S-carrier in coal).  For 
example, due to a sizable activation barrier required for the first C−S bond scission, the direct 
desulfurization (DDS) contributes marginally in the HDS mechanism.  This Chapter constructs 
mechanisms for the experimentally observed conversion of thiophene into an adsorbed C4 
species and H2S assisted by migration of pre-adsorbed H atoms into the thiophene molecule.  
The last section in the chapter illustrates thermodynamic and kinetic factors that dictate the 
occurrence of the partial hydrogenation of adsorbed C4H4 adduct.  
Chapter 8 provides an insight into the reduction mechanisms of p-(CNB) to p-(CAN) over the 
γ-Mo2N (111) surface.  The findings display that, p-(CNB) prefers to be adsorbed over two 
distinct adsorption sites.  Hydrogen transfer from N-vacant site activates the nitro group.  




several reaction intermediates subsequently form via H-transfer reactions into O, N and NH 
sites in the adsorbed chemical moieties.  The computed rate constant for the overall conversion 
of p-(CNB) correlates very well with the experimental finding.   
Chapter 9 illustrates a combined experimental and computational study that sheds light on 
structural, chemical composition, and optical behaviour of ternary Cr-Mo-N coatings 
synthesised by magnetron sputtering plasma.   The Obtained UV-vis spectra coincide very well 
analogous DFT-plotted profiles.  
Chapter 10 conveys concluding remarks that would be useful in the rational design of 
molybdenum nitride catalysts/ and or films for commercial applications.  Potential future 
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2.1 An Overview  
 
Nitride-based materials capture considerable interest owing to their unique physical and 
chemical properties such as, high melting point, superior hardness, and excellent corrosion 
resistance [1-4]. Synthetic methods of nitride-base materials generally require high 
temperatures and long reaction time [5].  Indicating that synthesis routes of nitride-containing 
compounds is hampered primarily by the high bond dissociation energy required in the fission 
of the triplet bond in nitrogen molecules (945 KJmol-1 ) in contrast to only (498 kJmol-1) , the 
bond dissociation energy in the oxygen molecules; i.e., a primary reaction in the synthesis of 
metal oxides [6].  This high energy prevents nitrogen atoms from developing ionic bonds with 
electropositive elements.  Overall, thermodynamic considerations may have contributed to the 
scarcity of nitrides and their propensity to form unique geometries compared to those of the 
oxides or carbides.  To this end, number of comprehensive reviews has addressed various 
aspects of nitride-based compounds including structural, thermodynamics, bonding nature, 
synthetics methods, catalysis, and characterizations [4, 7, 8]. This chapter briefly introduce two 
main aspects pertinent to nitride-based materials;  
• The chemistry of transition metal nitrides, particularly molybdenum nitrides, most 
notably, applications synthesis methods, phase stability diagrams, and properties.   
 
• Recent studies that report catalysis by molybdenum nitride with a particular focus on 
governing reaction mechanisms, operating conditions, products, and chemical 
conversions.  
TMNs are refractory ceramic compounds that enjoy wide array of fascinating properties and 
applications.  This class of compounds have been pursued vigorously due to demonstrating 
high melting points, good resistance against wear and corrosion, chemical inertness, excellent 
electrical conductivity [1, 3].   These remarkable properties primarily stem from their unique 
their electronic and geometrical structures.  For instance, geometries of these compounds  
comprise a mixture of covalent, metallic and ionic contributions rendering them suitable for a 
niche categories of application that requires facile switching of the bonding nature; for example 
uptake and release of their nitrogen surface content  [4].  Studies on properties and applications 
for TMNs have focused on the various plausible configurations of TMNs, including thin films 




The most commonly deployed TMNs comprise TiN, CrN, MoN, ZrN, WN, AlN, and BN [13-
15].  The interests in TMNs have been mainly derived by their potential replacements of noble 
metals [16-19].  Figure 2.1 displays the main applications of TMNs as high temperature 
coatings that work under hostile conditions of elevated temperatures and pressures; catalysts, 
and solar selective surfaces. 
 
Figure 2.1: Main applications of TMNs. 
 
The elements of groups III-XII on the periodic table are termed as transition metals as 
highlighted in Figure 2.2. In the subsequent sections, our discussion will be centred on the 

















Figure 2.2: Transition metal elements (d-block). 
 
2.2 Structural Properties 
  
In this section, the crystal structures of the TMNs are reviewed. An extensive efforts were 
devoted to provide an insight into geometric and electronic aspects of TMNs [1, 4, 20].  It is 
well known that Group III-XII (d-block elements) assume an intermediate transition state 
between the metallic and interstitial nitrides (i.e. diffusing non-metal atoms into the metal 
lattices)[3].  Row 1 metals (Ti, V, Cr, Mn, Fe, Ni and Co) named as the intermediate 
compounds, while Row 2 and 3 metals including (Zr, Nb, and Mo) and (Hf, Ta, W and Re), 
respectively, termed as interstitial compounds.  In TMNs, nitrogen atoms nest in the interstitial 
sites in which, they randomly distributed in half of the octahedral interstices. while, metal 
atoms occupy lattices of face centered cubic (fcc), or hexagonal closed packed (hcp), or simple 
hexagonal structures [4].  These sites may also be occupied by other atoms such as carbon or 
oxygen forming carbonitride and oxynitride, respectively.  Furthermore, the empirical formula 
proposed by Hägg [21], suggested that when the radius ratio of the non-metal atom to the metal 
atom is less than 0.59, interstitial compounds groups typically adapt the so-called  B1-NaCl 
structure [22].  
Although, nitrides assume simple crystal structures, they typically differ from those of their 
corresponding parent metals. The stable version of metallic molybdenum Mo for instance 




exhibits fcc- like structure as shown in Figure 2.3. These structural modifications between the 
parent metal and nitrogen-containing transition metal is ascribed to electronic factors [1].  
 
Figure 2.3: The typical crystalline structures of metallic molybdenum (bcc) and molybdenum 
nitride (fcc) unit cell’s. Light blue and dark blue spheres refer to Mo and N atoms, respectively. 
Table 2.1 shows transition metals of group IV–X and their possible nitrides.  The predominant 
stoichiometry in the early transition metal nitrides follow the formulas TMN and TM2N (where 
TM refers to transition metal).  However, later transition metals mainly adapt the stoichiometry 
of TM3N [23].  This is due to the fact that size of atoms decreases with the t group number.  
Subsequently, the lattice of high group metals is not able to host interstitial nitrogen atoms 













Table 2.1: Transition metals of group (IV-X) and their analogues possible nitride positions in 
































































2.3 Electronic Properties  
 
It has been established that, the number of valence electrons plays significant role of having 
unique properties [24].  In particular, the DOSs of TMNs afford parallel trend to their 
corresponding transition metals in terms of the shape and ordering of the bands [27].  For the 
transition metals, the d-band starts to fill from Ru and Os to Pd and Pt.  Furthermore, group 
IV–VI TMNs share similar catalytic properties with group VIII–X transition metals due to 
possessing similar d-band.  The electronic structure strongly correlates with properties of 




Brewer et.al. [29] reported thermodynamic properties of the various crystalline transition 
metals based on the Engel correlation which combines electronic and crystal structures of bcc 
and hcp configurations with spectroscopic data for the gaseous transition metal atoms to 
calculate thermodynamic properties of various crystalline configurations of the transition 
metals.  In addition to experimental measurements, semi-empirical formulas have been widely 
used to acquire properties and predict geometries of TMNs in general.  For instance, the Engel 
correlation relates electronic arrangements and crystal structures of metals with spectroscopic 
data.   Likewise, based on the Engel-Brewer theory of metals and alloys [30], the structure of 
a metal or substitutional alloy strongly depends on the s-p electron.  According to this theory, 
the number of s-p valence electrons per atom (e/a) determines the shape of the unit cell.  For 
instance, (1-1.5), (1.7-2.1), and (2.5-3) ratios correspond to bcc, hcp and fcc configurations, 
respectively.   
 
It has been reported that valence electron concentration (VEC) provides a detailed picture of 
the mechanical properties of groups IV to XII in rock salt structure nitrides, carbides and 
carbonitrides [31].  Earliest first-principles investigations into the electronic properties of bulk 
TMNs group V and VI have been conducted by Papaconstantopoulos et al.[32].  Energy 
separations in DOSs of TMNs increases from 3d to 5d nitrides (i.e. CrN→MoN→WN).  
Furthermore, investigations of the electronic DOSs in valence and core states of TMNs were 
interpreted in relation with the degree of covalency in the chemical bonding.  Various 
properties strongly depend on the magnetite of the band gap.  Along the same line of enquiry,  
it has been shown that a low stability of the cubic MoN phase is related to an increase in the 
charge transfer of Mo-d electrons to N-p with increasing stoichiometric ratio N/Mo[33].  Figure 
2.4 depicts theoretically predicted total density of states DOSs for some selected metal 
mononitride[34]. The absence of a band gap in the DOSs curves highlights the metallic 






















































































































Figure 2.4: Theoretically predicted total density of states for several transition metal 
mononitrides.  The arbitrary Fermi energy level is set at zero;  denoted by an upright dotted 
line [34]. 
By transferring further towards right-hand of the periodic table, the size of the metal atom 
gradually increases hindering nitrogen atoms from being situated at the metal lattice. Therefore, 
the thermal stability of the nitride decreased [3].  Non-metallic group elements however tend 
to develop mono-nitride-compounds such as (BN, Si3N4, AlN, InN, GaN, and InN), which are 
well characterised by their covalent bonding and insulating or semi-conductive nature [35].  
Those compounds have been utilized in wide variety of applications such as, diffusion 
barriers[36] in semiconductors and optoelectronic devices [2]. The catalytic performance of 
non-metallic nitrides is restricted and they could be deployed as catalyst supports only [37].  In 










Hardness is a measure of a material to resist plastic deformation. The hardness of TMNs’ 
compounds strongly alters with their M/nitrogen ratios in which hardness decreases with the 
nitrogen contents.  Hones et al. [38] observed that hardness of fcc γ-Mo2N is lower than that of 
over-stoichiometric phases. The strength of metal-nitrogen bonds in TMNs in another 
contributing factor in their relative hardness. The decrease of the hardness (i.e. elastic modulus) 
values is mainly derived by a diminishing of the covalent character of bonding-N.  At low 
nitrogen loads, electrons in the low-lying bonding bands are only partially occupied, resulting 
in a higher hardness.  However, by increasing nitrogen contents, the low-lying bonding bands 
become all occupied. This breaks covalent bonds and weaken the ionic bonds; and hence the 
hardness decreases [32]. The subsequent sections aim at presenting recent relevant literature 
focusing on the methods of thin film synthesis and catalytic performance of the Mo-N system. 
Table 2.2 enlists selected mechanical, thermal and geometrical properties for TMNs 
compounds.  











































TiN 4.242 5.39 17 3050 420 29 9.9 27 5.8 
ZrN 4.570 7.32 15 3000 460 11 7.8 24 10.
4 
HfN 4.516 13.8 18 3330 380 11 8.5 27 6.9 
VN 4.138 6.04 5.7 2350 380 11 10.8 65 8.9 
NbN 4.392 8.16 11 d 360 3.8 10.2 60 17.
2 
TaN 4.238 15.9 32 d - - 8.0 - 8.9 




2.5 Molybdenum Nitrides from Structures to Technological Applications 
 
Nitrides of the molybdenum possess number of unique properties including high hardness and 
superconducting temperature [39, 40] that enable this compound to find direct application in 
many niche fields such as hard coatings for high temperature machinery [41, 42], diffusion 
barrier in microelectronic devises [43, 44], and enriching of the tribological properties of hard 
coatings via the formation of the so-called Magnéli phase [45].  Technological applications of 
molybdenum nitrides strongly depend on their phase structures.  Depending on the nitrogen 
concentration, nitrides of the molybdenum adapt several phases. Table 2.3 reports structural 
properties of all plausible phases of molybdenum nitrides.  
 
Table 2.3: Lattice parameters of various phases of MoN collected from numerous studies. 





γ-MoNx (x~0.5) fcc  rock salt structure with 
randomly distributed 
nitrogen in octahedral sites 
with a space group of 𝐹𝑚3̅𝑚 
a =4.16 high-pressure–high-
temperature synthesis [46]. 
Mo2N fcc  a= 4.16-4.19 Reactive dc sputtering [47]. 
γ-Mo2N fcc a =4.124 pulsed laser irradiation [48]. 
c-Mo2N fcc a=4.2 plasma immersion ion 
implantation [49]. 
β- Mo2N Body centred tetragonal 
phase with ordered nitrogen 
sites and a space group of 
I41/amd 
a = 4.16 
c = 8.0 
plasma immersion ion 
implantation [49]. 
β-Mo2N0.85 Tetragonal a = 4.199 
c = 7.996 





β-Mo2N Tetragonal a = 4.18 
c = 7.99 
expanding plasma microwave 
discharge [51]. 
β-Mo16N7 Tetragonal a = 8.4 
c = 8.0 
Heat treatment of calcium 
nitride and molybdenum [52]. 
MoN(0.5-1)  Cubic  a=4.16-4.28 Density functional theory 
(DFT) as implemented in 
VASP code within the local 
density approximation (LDA) 
[53]. 
δ1-MoN Hexagonal WC type  𝑝6 ̅m2 
 
a = 2.868 
c = 2.810 
Plasma-enhanced chemical 
vapour deposition and 
ammonolysis of MoCl5 [54]. 
δ3-MoN Hexagonal NiAs-type 
P63mc 
a = 5.73 
c = 5.62 
DFT as implemented in 
CASTEP code within full-
potential linearized augmented 
plane waves and local orbitals 
method [55]. 
Mo5N6 Combination of Hexagonal 
WC and NiAs structures 
a = 4.89 
c = 11.06 
Plasma-enhanced chemical 
vapour deposition and  
ammonolysis of MoS2 [54]. 
δ1-MoN  Hexagonal WC-like 
structure with space group 
𝑝6 ̅m2 
a = 2.86 
c = 2.80 
DFT as implemented in 
CASTEP code within full-
potential linearized augmented 
plane waves and local orbitals 
method [55]. 
δ3-MoN Hexagonal NiAs-type 
P63mc 
a = 5.71 
c = 5.62 
DFT as implemented in 
CASTEP code within full-
potential linearized augmented 
plane waves and local orbitals 
method [55]. 
δ1-MoN Hexagonal WC-like 
structure with space group 
𝑝6 ̅m2 
a = 2.86 
c = 2.84 
DFT as implemented in 






2.5.1 γ-Mo2N1 ± x Phase  
 
The gamma phase (γ-Mo2N) reveals fcc structure with space group of (𝐹𝑚3̅𝑚) and a repeated 
layer of ABCABC stacking sequence. Moreover, this phase is stable at high temperature with 
N atoms randomly (i.e. disordered) distributed and half-occupied the octahedral sites of N 
atoms [59].  The measured superconducting transition temperatures Tc was found to be 5.5 K 
[60].  Another phase of the γ-Mo2N1 ± x involves an ordered array of vacancies with the Pm3m 
space group that differs from the 𝐹𝑚3̅𝑚  space group in the presence of superstructure 
reflections [61].  Since Mo-N system crystallizes over a wide range of stoichiometries, thus, in 
a fully stoichiometric geometry (i.e. the Mo: N stoichiometric ratio is 1:1), the coordination 
environment of Mo cations would contain MoN6 octahedra, while if nitrogen site was half-
occupied, (i.e. the Mo: N stoichiometric ratio is 2: 1), Mo would comprise a reduced 
coordination number [62, 63]. It has been predicted that the fully stoichiometric configuration 
affords the highest superconducting transition temperature at Tc ~30 K [60].  Suggesting that 
the impact of a disorder (N vacancies) on high-temperature superconductivity of the 
nonstoichiometric cubic structure MoN0.5, resulted in reducing its transition temperature [64].  





B1-MoN Cubic NaCl -type structure 
with space group of  𝐹𝑚3̅𝑚 
a = 4.25 Self-consistent augmented-
plane-wave calculations [32]. 
B1-MoN Cubic NaCl -type structure 
with space group of  𝐹𝑚3̅𝑚 
a = 4.21–4.25 Experimental work [57]. 
Mo5N6 Filled 2H-MoS2 structure a = 4.893 
c =11.06 
Ammonolysis of MoS2 [58]. 
B1- MoN(0.9-1.8) Cubic NaCl -type structure 
with space group of  𝐹𝑚3̅𝑚 




2.5.2 β-Mo2N Phase 
 
β-Mo2N phase is an ordered tetragonal structure that is mechanically stable at low 
temperatures. This structure is often considered as a tetragonal adjustment of the cubic γ-Mo2N 
phase with the lattice constant c doubled (I41/amd, space group)[52].  At high temperatures, 
the γ-Mo2N transforms to β-Mo2N.  Literature presents a rather very limited account on 
synthesis routes and characterization of β-Mo2N [65].  Inumaru et al. [66] synthesized a 
crystalline phase of β-Mo2N by pulsed laser deposition of molybdenum metal. XRD analysis 
revealed that the prepared material is composed of Mo2N0.85.  Figure 2.5 (b) depicts unit cell 
structure of this tetragonal phase. 
 
2.5.3 Metastable Cubic B1-MoN 
 
While the stoichiometric cubic B1-MoN phase is thermodynamically unstable, it could be 
stabilised via careful control of the nitrogen concentration during synthesis[67].  It was reported 
that the nitrogen amounts in MoNx films can be regulated from Mo1N0.5 to Mo1N1 via varying 
the growth  rates (i.e. N/Mo flux ratio) during the film deposition process[68].  In a separate 
work accomplished by the same group,  the deposition of epitaxial B1-MoNx (0.98 < x <1.03) 
on α-Al2O3, has observed mechanical stability in samples which have been exposed to thermal 
treatments lower than 650 ºC [69].  A number of XRD studies reported very similar lattice 
structure of the NaCl-MoN0.5 phase at a = 4.16 Å [70]; a = 4.151 Å [71]. The B1-MoN phase 
entails a stoichiometry between MoN0.5 to MoN1.0.  The increase in lattice parameter is 
expected to accompany any increase in nitrogen content.  The concentrations of nitrogen 
vacancy primarily rely on synthesis parameters, most notably  availability of nitrogen cations 
during sputtering [72, 73], and temperature treatments [70].  Figure 2.5 (c) represents unit cell 








2.5.4 δ-MoN Phase 
 
The hexagonal δ-MoN configuration exhibits arrangements of metal layers with ABAB staking 
sequence and Tc of ~13.8 K [60].  Nonetheless, due to the poor quality of the detected crystals, 
it was very challenging to unequivocally pinpoint the positions of the N atoms [74].  
Fabrication of this phase was carried out via the reduction of MoO2 with NH4Cl at high 
temperature and high NH3 pressure of (1773 K) and (2 MPa), respectively [75].  Bull et al. [63] 
synthesised hexagonal (δ1-MoN) via high temperature ammonolysis of MoCl5.  The produced 
crystal occurs along the space group of P63mc with lattice constants of a=2.87 Å and c=2.81 
Å.  Ammonolysis at high pressure affords hexagonal highly N-ordered phase δ3-MoN with 
nearly doubled lattice parameters, (i.e. a=5.73 Å and c=5.61 Å.  Ganin et al. [54] carried out 
by plasma-enhanced chemical vapour deposition (PECVD) method and ammonolysis of MoCl5 
and MoS2  to produce several stoichiometric phases of hexagonal molybdenum nitrides.  The 
synthesised nitrides are termed as δ1-MoN (WC type, P6̅m2), δ3-MoN (NiAs-type, P63/mmc), 
and nitrogen rich phase (Mo5N6).  The hexagonal δ3-MoN phase demonstrates the highest bulk 
modulus among Mo-N phases.  Soignard et al. [39] measured bulk modulus of δ-MoN and γ-
Mo2N to be 345 GPa and 301 GPa, accordingly.  The higher bulk modulus in the case of δ-
MoN is attributed to the high compressive stress. Figure 2.5 (d) shows unit cell of hexagonal- 
δ3-MoN type structure. 
  
2.5.5 Mo5N6 Phase 
 
The Mo5N6 phase feature displays unequal layers of nitrogen prisms and octahedral-type 
arrangements along the c axis, as Figure 2.5 (e) shows [58].  Nitrogen atoms form an AABB-
type arrangement, in an analogy to sites of sulfur atoms in MoS2.  The molybdenum atoms 
saturated all the trigonal prismatic sites along with partial filling of octahedral sites. The Mo5N6  
structure mimic the configurations of the WC- and NiAs-type building blocks, with partially 







2.5.6 Nitrogen-Rich Molybdenu 
 
Figure 2.5 (f) presents the 3R-MoN2 geometrical unit cell that features a MoS2-type structure 
along with a rhombohedral R3m arrangement.  Wang et al. [76] utilized  a solid-state ion-
exchange reaction to produce the nitrogen-rich molybdenum nitride at a relatively moderate 
pressure of 3.5 GPa.  
 
Figure 2.5: Phases of molybdenum nitrides. 
 
The variation of XRD data for γ-Mo2N, δ-MoN and Mo5N6, display that γ-Mo2N adapts 
different crystal structure system compared to hexagonal δ-MoN and Mo5N6 systems as 






Figure 2.6: XRD patterns of Mo-M phases [62]. 
Yu et al. [77] explored ground-state properties of bulk MoN2 via DFT calculations.  They 
proposed that Mo atoms are sandwiched between N atoms. Surprisingly, they concluded that 
the experimentally proposed MoS2-type MoN2 structure by Wang et al. [76] was unstable from 
thermodynamic and mechanical prospects.  This claim was supported by computing negative 
elastic stiffness coefficients (C44) value, multiple imaginary phonon frequencies, and a positive 
enthalpy of formation. Likewise, Wang et al.[78] carried out first-principles calculations to 
inspect the structural stabilities and electronic properties for the 2D layered MoS2-like molybdenum 
and tungsten dinitride nanosheets. They pointed out that in the contrary to their corresponding 
disulphide, the presence of durable soft modes in the dinitride nanosheets in the MoN2 phase render 
them as dynamically, thermally, and mechanically unstable. They also postulated that surface 
hydrogenation can effectively eliminate these soft modes. The hydrogenated MoN2H2 and WN2H2 
sheets described in Figures 2.7 and 2.8, respectively reveal structural stability and excellent 
electronic properties. In another related study, it has been reported that the ground state 
geometry of the two-dimensional transition metal dinitrides sheet named tetra-MoN2 that is 
significantly more stable than the H-MoN2 phase with a flexible strain tenability based on the 




[79]. More recently, the structural, mechanical, and thermal stabilities of MoN2 nanosheets 
were confirmed via DFT calculations [80]. 
 
Figure 2.7: Structural configurations of H-MoN2, Td-MoN2, H-MoN2-H2, and Td-MoN2-H2 







Figure 2.8: Structural configurations of H-WN2, Td-WN2, H-WN2-H2, and Td-WN2-H2 sheets. 
Pink, dark blue and white spheres denote W, N, and H atoms, respectively [78]. 
Li et al. [81] performed a DFT-based study to investigate the possibility of deploying MoN
2
 




order for dinitrogen to be adsorbed and activated over MoN2, high energy is required. However, 
they recommended that Fe-doping can significantly enhance the catalytic performance. 
 
 2.6 Phase Stability Diagram of Mo-N System 
 
The phase diagram of the Mo–N system is depicted in Figure 2.9. Starting with the α-phase, 
molybdenum hosts an atomic nitrogen load in the range of 0 to 1.08 atomic weight (at. %).  At 
temperatures lower than 1000oC, the concentration of atomic nitrogen remains very negligible 
in α-Mo and attains a maximum value of 1.08 at. %.  A temperature of 1860oC and an 
equilibrium pressure of 670 atm. signify the T-P condition for Mo to dissolve 1.08 at.% N [59].  
Mändl et al. [49] suggested a transformation from the cubic γ-Mo2N phase to tetragonal β-
Mo2N phase to took place at around 580°C.  
 
 




































the formation of gamma phase is governed by nitrogen ratios. Furthermore, the transformation 
to another phase proceeds at the temperature window of 400 -850ºC [14].   Moreover, according 
to the proposed phase diagram by Jehn and Ettmayer, the γ-Mo2N phase appears at high 
temperatures as a defective B1- structure in which half of the nitrogen lattice positions are 
vacant sites at a nitrogen composition of around 27-35 at.%.   As discussed earlier, the B1-
MoN phase could be produced via gradual filling of the vacant nitrogen sites in the defective 
γ-Mo2N phase and because of being non-equilibrium phase, it is preferred to transform to the 
thermodynamically more stable hexagonal phase. The absence of the B1-MoN phase from the 
stability diagram shown in Figure 2.9 is ascribed to its thermodynamic instability. In another 
word, the B1-MoN is readily transformed into the hexagonal δ-MoN phase [82]. Via careful 
analysing of XRD spectra, Saito et al. [83], suggested the transformation sequence γ-Mo2N → 
B1-type MoN → δ-MoN phase. Moreover, they conveyed that in addition to bcc-Mo (110) and 
(200) directions and after nitrogen ion dose of 1 × 1017 ions/cm2 implanted into Mo thin films, 
new diffraction lines belong to γ-Mo2N phase appear.  At a maximum dose of 16 × 10
17 
ions/cm2, the reflection lines of the bcc- Mo crystal tend to vanish. In addition to the T-P 
conditions, the amount of nitrogen is a controlling factor in the dominant phase.  A combined 
experimental and theoretical study by Klimashin et al. [84] assessed the influence of nitrogen 
contents and their vacancies on geometries and mechanical properties of Mo–N thin films. The 
relative concentration of N-vacant sites alters the Mo-N bonding types, and hence the relative 
thermodynamic hardness.  Balasubramanian et al. [85], conducted a DFT calculations coupled 
with the universal structure predictor evolutionary xtallography (USPEX) evolutionary phase-
search algorithm to estimate the thermodynamic plausibility of Mo-N phases and their 
stoichiometries.  Theoretically, eight thermodynamically stable molybdenum nitride phases 
were predicted. These phases encompass N-rich and N-deficient configurations, including, 
hexagonal δ-Mo3N2, cubic γ-Mo11N8, cubic γ-Mo14N11, orthorhombic ε-Mo4N3, monoclinic σ-
MoN, σ-Mo2N3, tetragonal β-Mo3N, and hexagonal δ-MoN2.  Finally, the thermodynamic 
stability diagram in displayed in Figure 2.9 conveys a very important concluding remark 
stoichiometric and near- stoichiometric adapt hexagonal type structures, whereas values of N-
atoms ratio and occupation in un-stoichiometric phases may determine their phases; namely, 






2.7 Deposition of Molybdenum Nitrides via Reactive Sputtering Techniques 
 
Chemical vapour deposition (CVD) [86, 87], and physical vapour deposition (PVD) techniques 
[88] are the major techniques in the synthesis of molybdenum nitride films.  In this regard, 
polycrystalline and amorphous molybdenum nitride were fabricated via a wide range of  
physical vapour deposition processes [89, 90].  Most notably, the reactive magnetron sputtering 
methods either by radio frequency (RF) or direct current (DC) procedures [89, 91, 92].  The 
state-of-art magnetron sputtering was shown to yield high purity and homogeneity films.  A 
comprehensive recent review by  Jauberteau et al. [67] surveyed the crystal structures, 
preparation methods, mechanical, and electrical properties of molybdenum nitride films. We 
therefore focus on presenting recent advances in the deposition of MoN thin films. Nandi et al. 
[93] prepared molybdenum nitride thin films using the atomic layer deposition (ALD) method.  The 
molybdenum hexacarbonyl (Mo(CO)6) was used as the source of Mo while ammonia signifies the 
nitrogen precursor. Furthermore, an ion-exchange reaction at high pressures was utilized to 
produce stoichiometric hexagonal and cubic phases of molybdenum nitrides.  Ozsdolay et al. 
[94] deposited epitaxial layers of MoNx over MgO(001) substrates via DC magnetron 
sputtering system.  Adjusting the substrate temperature (Ts  600-1000 ºC) enabled to vary the 
nitrogen stoichiometry in MoNx (001) layers between x = 0.69−1.25.  The change in the N/Mo 
ratios also altered lattice parameters (a = 4.16–4.26 Å and the layer density (ρ = 8.7–6.8 
g/cm3)).  As expected, a softening (i.e. transformation from ductile-to-brittle) took place with 
increasing nitrogen concentration. Bouaouina et al. [95] deposited multilayer of Mo2N/CrN 
thin films via RF magnetron sputtering.  They considered the influence of the bi-layer thickness 
of Mo2N/CrN films on the mechanical and micro structural properties.  They had illustrated 
that increasing the thickness of multilayer systematically enhances the hardness, the elastic 
modulus, and the tensile stress.  In another related work by the same group, Bouaouina et al. 
[96] synthesized molybdenum nitride thin films over (100) silicon substrates by means of RF 
magnetron sputtering of a Mo target in a (Ar-N2) gas flow rates. They investigated the 
microstructure, residual stress and mechanical properties of the produced films.  They pointed 
out that within the range from 20% to 40% nitrogen in the plasma, the predominant phase is 
the fcc γ-Mo2N. However, at higher nitrogen content (50%), hexagonal δ-MoN and cubic B1-
MoN phases form.  Kommer et al. [97] fabricated molybdenum nitride films with various 
stoichiometries and structure morphologies by high power impulse magnetron sputtering 




behaviour were reported. Tribology measurements have been performed at various 
temperatures under heavy load.   Measured properties prompted the authors to propose that 
synthesized thin films could enhance wear resistance of steel parts at elevated temperatures.  
Higher hardness and elastic modulus were obtained by reducing the working gas pressure. 
Wicher et al. [98] prepared molybdenum nitride thin films by DC pulsed magnetron sputtering 
method operating at 100 kHz as main frequency and modulated by an additional adaptable 
frequency ranging from 10–1000 Hz.  Results indicate that by deploying various modulated 
frequencies, the morphology, phase composition, electrical and mechanical properties of the 
deposited films are enhanced.  Very recently, Durai et al. [99] studied the effect of Cu doping 
on the microstructural and supercapacitive properties of Mo3N2 deposited by reactive 
magnetron co-sputtering technique.  They pointed out that the (XRD) examination evidenced 
the cubic phase of Mo3N2 and the incorporation of Cu has no impact on the crystal structure.  
Furthermore, the electrochemical supercapacitive behaviour was enhanced and the 
measurements showed increasing the capacitance of 173.4 mF cm-2 for the un-doped to 
619.5 mF cm-2 for the Cu doped Mo3N2.  Suggesting that the fabricated Mo3N2 exhibits high-
performance supercapacitors. 
 
2.8 The influence of Deposition Parameters on the Growth of Molybdenum Nitride  
 
Fine-tuning of molybdenum nitride films toward the desired properties is often acquired via 
adjusting the sputtering parameters. Targeted properties of microstructures including grain 
size, preferred orientation, lattice defects, phase composition, and surface morphologies.  
Several studies have addressed the influence of deposition conditions on the growth and 
properties of the deposited films.  A study conducted by Kazmanli et al.[100] assessed the 
effect of various preparation factors such as nitrogen pressure, bias voltage and substrate 
temperature on the structure of Mo–N coatings produced by arc PVD.  Stöber et al. [101] 
deposited thin films of metallic molybdenum and molybdenum nitride on silicon wafers by 
reactive DC magnetron sputtering.  The deposition conditions include a plasma power in the 
window of 300 to 700 W and a total pressure ranging from 2 to 8 Pa.  They investigated the 
impact of deposition parameters including the nitrogen contents, plasma powers, and sputtering 
gas pressures during film growth on mechanical and electrical properties.  The remarkable role 




morphological analyses [102].  Xiang and Wu [103] developed crystalline molybdenum nitride 
films via RF magnetron sputtering.  They illustrated that the mechanical properties, corrosion 
resistance and tribological performance could be fine-tuned via regulating RF input power and 
Ar/N2 gas flow ratios.  At modulating an Ar/N2 gas flow ratio for instance from 10/10 to 18/2 
and RF input powers from 150 to 300 W, the crystal structure of molybdenum nitride films 
altered from crystalline to amorphous.  However, the deposited films at an Ar/N2 ratios of 16/4 
and an input power of 300 W, showed an exaggerated Mo2N microstructure with preferred 
(111) reflections.  Conversely, when applying an input power of 150 W and at an Ar/N2 ratio 
of 10/10, the crystalline phase of the films was curbed.  Recently, it has been proposed that 
MoN multilayer films revealed microstructure evolution and cracking resistance with adjusting 
gas inlet and input power [104]. 
 
2.9 Recent Literature on the Synthesis and morphology of Various forms of Molybdenum-Nitride System 
 
As illustrated in preceding sections, molybdenum nitride-based compounds have been in a 
main stream research topic that aims to report their crystalline phases via several synthesis, 
methodologies and characterisations techniques.  Herein, we briefly present recent literature 
pertinent to molybdenum nitride morphologies.  Choi et al. [105] fabricated nanocrystalline 
powders of MoNx (x = 0.77 – 1.32 ) at low temperature ( ≥600
oC) via NH3 ammonolysis and 
nitridation of the MoCl5 with the aim to test their effectiveness as super capacitors.  Results 
indicate that the highest specific capacitance attains a value of 111 F/g d for γ-Mo2N crystallites 
at a scan rate of 2mV/s.  Xie and co-workers [106] systematically investigated the hydrogen 
evolution reaction (HER) activity of atomically-thin hexagonal phase of molybdenum nitride 
(MoN) nano-sheets synthesised by liquid exfoliation of  MoN nanosheets with a thickness of 
only 1.3 nm leading to 100% exposure of Mo atoms on the surface of the nanosheets.  Via DFT 
calculations, the active surface sites of the atomically-thin MoN nano-sheets were determined.  
These sites are assumed to be surface Mo atoms through catalysing protons into hydrogen.  The 
analysis of DOSs revealed that the atomically-thin MoN nanosheets display metallic 
characteristics.   Joshi et al.[107] proposed a synthesis technique for obtaining micrometer-size 
2D nanosheets of hexagonal δ-MoN via a two-step process.  The synthesis process commences 
by the formation of 2D nanosheets from MoO3 precursor followed by the transformation of the 




transformation of metal oxide to respective nitride, sulfide or carbide occurs via reduction of 
the oxide phase in NH3, H2S or CH4 environment, respectively. Very recently, formation 
mechanism of molybdenum nitrides nanosheets has been reported by Sun et al. [108].  In their 
study, several phases of molybdenum nitride nanosheets including Mo5N6, δ-MoN, and γ-
Mo2N were synthesized via incorporating MoS2 with nitrogen in a nanosheet configuration.  
Figure 2.10 pictured a graphical illustration of the temperature-dependent reduction reaction of 
MoS2 and NH3, (i.e a process that is very sensitive to the working temperature).  At 750
ºC, 
Mo5N6 is generated directly without the presence of an immediate product.  At 820
ºC, Mo5N6 
is synthesized in one step in a process.  The latter commences decomposition to δ-MoN when 
MoS2 was spent.  At 920
oC, the only detected product is the δ-MoN phase.  By the gradual 
conversion of MoS2, MoN decomposition to γ-Mo2N and β-Mo2N starts to merge.  At 1020
ºC, 
the phase evolution process (after complete consumption of the MoS2) follows the sequence δ-
MoN→ γ-Mo2N→ β-Mo2N→ Mo. At a higher temperature of 1120ºC, the β-Mo2N structure 






Figure 2.10: Schematic demonstrating the phase MoNx evolution process of reducing MoS2 








2.10 Computational Modelling Studies in Predicting Ground-State Properties of Mo-N system 
 
Motivated by the growing need for reliable and representative data that can be utilized for 
shortlisting of materials and tailoring their attributes toward a category of desired applications, 
a great deal of efforts using the state-of-the-art computational methods have been deployed to 
gain an atomic-base insight into potential applications and properties of Mo-N based materials. 
The development of robust theoretical methodologies and the availability of powerful high-
performance computational facilities have enabled to carry out very accurate materials 
modelling.  Obtained results basically include any experimentally measurable quantity.  The 
list includes thermo-mechanical properties, lattice parameters, adsorption energies, XRD 
patterns, reaction rate constants and turnover frequencies.  First principles calculations in the 
framework of DFT are presently the most widely used approach to acquire the aforementioned 
properties.  In this context, I will introduce the recent advances of DFT in predicting the bulk 
and surface properties of molybdenum nitrides. 
Stevens et al. [109] investigated the accuracy of DFT methods in calculating some properties 
including equilibrium bond length, dipole moment, and harmonic vibrational frequency in a 
series of group VI (Cr, Mo, W) transition metal containing diatomic molecules.  By using 
flexible basis sets, they examined a wide range of exchange-correlation functional.  Later on, 
results are compared with analogous experimental measurements.  Generalized gradient 
approximation (GGA) seems to be the most appropriate functional that accurately reproduce 
the experimental parameters.  Isaev  et al. [110]  investigated ground state properties and 
phonon spectrum of  B1-type mononitrides of group III-VI transition metals.  Likewise, 
structural, elastic, and electronic properties for several MoN phases have been studied by 









Table 2.4: Computed and measured equilibrium lattice parameters (a) Å, (c) Å, bulk modulus 
(B) GPa, Young’s modulus (E) GPa, and Poisson’s ratio (v). 
 
 NaCl-MoN ZB-MoN δ1-MoN δ3-MoN CsCl-MoN 
a 4.304a 4.616a 2.868a , 2.868b  5.710a , 5.735b 2.67a 
c - - 2.80a , 2.81b 5.625 a, 5.628b - 
B 351.5a 274.8 a 376.7 a 379.4, 380b 354.8 a 
E 461.6 a 139.6 a 640.0 a 611.3 a 695.9 a 
v 0.23 a 0.41 a 0.24 a 0.28 a 0.13 a 
 
a DFT calculations using CASTEP code  [55]. 
b Experimental  findings[54]. 
 
Zhao et al. [34] reported DFT results on structural, mechanical and electronic properties of 4-
d transition metal mononitrides considering NaCl, NiAl and WC-type structures. They 
indicated that among the investigated geometries, MoN with NiAs-type structure displays the 
highest hardness (bulk modulus of 351 GPa and shear modulus of 239 GPa).  Investigations on  
the elastic response of the cubic (B1-NaCl structure) of early binary transition metal nitrides 
have been performed by Holec et al.[111]. A satisfactory agreement with the available 
experimental data has been attained.  Cohesive energy, lattice constant and elastic constants 
C11, C12 and C44, have been determined. In another DFT study conducted by Liu et al. [112], 
group V-IIX transition metal nitrides have been inspected. They concluded that CrN, MoN and 









2.11 γ-Mo2N Clean Surfaces  
 
In addition to bulk phases, several DFT studies have provided electronic and structural 
properties for surfaces of Mo-N; most notably the γ-Mo2N configuration.  Commonly reported 
results include surface relaxation, reconstructions in reference to bulk positions, and reaction 
rate etc. 
Cleaving the optimized bulk of γ-Mo2N along the three Miller indices afford several 
configurations[113].  Some of these surfaces contain Mo/N mixed terminations while other 
display only N atoms in their topmost layers. Figures 2.11 and 2.12 portray optimized (i.e. 





Figure 2.11: The optimised configurations of the γ-Mo2N (100): MoN and γ-Mo2N (111): N 
terminated surfaces and their possible adsorption sites. Molybdenum atoms are described in 






Figure 2.12: The optimised configurations of the γ-Mo2N (110): MoN and γ-Mo2N (111): Mo 






According to the constructed  phase stability diagram via AB initio atomistic thermodynamics 
calculations shown in Figure 2.13, the γ-Mo2N (111) is the most thermodynamically stable γ-
Mo2N [113]. This surface has been the subsequently utilized  in several DFT-based studies that 
target catalysis by γ-Mo2N [113, 114].  
 
Figure 2.13: Phase stability diagram for molybdenum nitride surfaces [113]. 
 
2.12 An Overview into Ternary Transition Metal Nitride Coatings: Cr-Mo-N System the Case of Study 
 
It is well-known that mechanical and optical properties of Cr-N thin films and coatings are 
systematically improved when doped with other transition metals. Figure 2.14 illustrates 
different types of generic coatings; namely, multicomponent coatings such as binary, ternary) 
gradient layers, gradient coating, solid solutions or multiphase/composite (solid solutions and/ 






Figure 2.14: Graphical illustration of different type of coatings [115]. 
 
As mentioned above, an effective way to enhance and tune properties of material involves 
introducing alloying elements. Particularly, inserting molybdenum (Mo) or tungsten (W) into 
CrN coatings was shown to improve their structural, mechanical, and tribological properties 
[117-119]. Ceramic TMN coatings are typically utilised as protective coatings to increase 
lifetime of machineries that operate in elevated T-P operational conditions and or corrosive 
media.  As discussed in section 2.7, PVD techniques have widely been deployed to deposit 
variety of hard coatings. The first generation of protective hard coatings in cutting and forming 
tools deposited by PVD was TiN [120].  However, the main shortcoming of TiN coating is that 
it suffers from low oxidation resistance and hardness. Presently, CrN represents the state-of-
the-art of commercial PVD.  Applications of CrN coatings originate from their profound 
properties as effective corrosion, oxidation and wear resistance [121].   To further improve 
these unique characteristics, Multicomponent coatings of Cr-X-N where X corresponds to one 
of the alloying elements including Al, Ti, Zr, W, and Mo etc. have been taken into consideration 
in literature [118, 122-125].   
By implementing a hybrid coating method of arc ion plating (AIP) on a Cr target, a DC 
magnetron sputtering technique for Mo target, and N2/Ar as the nitrogen precursor, Kim et al. 
[118] inspected the effects of Mo content up to 30.4 at.% on the microstructure and mechanical 
properties of   the ternary CrMoN coatings.  The fabricated coatings experience the formation 




larger Mo atoms in CrN crystals.  At moderate mass ratio of Mo, the CrMoN coatings incur a 
higher hardness value of around 34 GPa, in reference to only 18 GPa for pure CrN.  
CrWN and CrMoN films were deposited on high speed steel substrate by unbalanced DC 
reactive magnetron sputtering by Gu et al. [117].  XRD patterns illustrated that the CrWN films 
were composed of mixed CrN and W2N crystalline phases, whereas the CrMoN films mainly 
encompasses crystalline CrN and amorphous/nanocrystalline Mo2N phases.  Authors 
confirmed the superior mechanical properties of CrWN and CrMoN coatings in reference to 
pure CrN coatings.  Qi et al. [126] reported the influence of DC reactive magnetron sputtering 
parameters on the mechanical and tribological properties of the CrMoN films.  Investigated 
parameters include substrate negative bias voltage (Vb), substrate temperature (Ts), and gas 
flow ratio (R = N2/ (N2 + Ar)). 
 
2.13 General Synthetic Routes of Mo-N Catalysts via Temperature-Programmed Reaction (TPR) 
 
Typically, the synthesis of TMNs carried out at high temperature by metallurgical processes 
producing low specific surface area powders [24], unsuitable for  catalytic applications that 
requires high surface area materials.  Temperature-programmed reaction (TPR) is currently the 
most commonly implemented approach in the synthesis of high surface area TMNs for catalytic 
applications [127].  In this section, I will review the synthesis of transition metal nitrides; with 
a specific focus on the molybdenum nitride surfaces. Figure 2.15 illustrates the basic synthesis 
apparatus for metal nitride.  In general, the NH3 is the preferred nitridation agent since it 
provides nitrogen atoms more easily than other sources such nitrogen molecules. The main 
synthetic methods of TMNs catalysts were reported in several studies [127, 128].  The 
commonly deployed fabrication procedure of TMNs occurs through the gas-solid reaction 





















Figure 2.15: Graphical illustration of the synthesis apparatus for metal nitrides [129]. 
Jaggers et al. [130] proposed a reaction pathway to produce molybdenum nitride with high 
surface area via nitriding MoO3 precursor with ammonia producing a mixture of MoOxN1-x or 
MoO2. The oxynitride MoOxN1-x is then transformed to nitride’s phases.  fcc-Mo2N and 
hexagonal MoN, albeit the former is produced at a higher temperature.  However, products of 
this direct nitridation methods are associated with low surface areas.  Inspired by promising 
catalytic application of MoN-based materials, efforts were devoted to modify synthesis 
procedure toward higher surfaces areas of these materials [131].  Volpe and Boudart [127]  
were the first to report synthesis of high-surface area of metal nitride catalysts by the reaction 
of ammonia with MoO3 precursor.  The reported surface area of produced nitride attains a high 
value of 220 m2g-1.  Electron diffraction measurements illustrated that the N-induced 
conversion of MoO3 platelets is topotactic.  A study conducted by Marchand et al. [132] 
documented that the morphology and surface area of the prepared nitride materials is 




enhancing the surface area.  The impact of the preparation parameters on the structural 
properties of synthesised catalyst has been reported by Choi et al. [128].  They proposed that, 
molybdenum trioxide MoO3 exposed to heat treatment in NH3 atmosphere over two heating 
steps, first from 623 to 723 K then from 723 to 973 K.  These two temperature processes occur 
at various space velocities.  Results suggest that the fabrication of high surface area 
molybdenum nitride takes place through several reactions depending on the deployed space 
velocity and heating rates.  They concluded that high surface area of γ-Mo2N ensued via the 
conversion of MoO3 precursor into HxMoO3 and γ-Mo2OyNl-y intermediates.  However, the 
reaction pathway via intermediates such as, MoO2 resulted in the production of medium and 
low surface area molybdenum nitrides.  These categories of ammonolysis operations were 
shown to also promote the production of pseudo-morphic configurations  [133].  
Haddix et al.  [134] used proton NMR to characterize the adsorption of H2 over high surface 
area of γ-Mo2N (~120 m
2g-1).  They proposed that H2 strongly bounded to the surface of the 
catalyst.  Ranhotra et al. [135] fabricated porous powders of Mo2N (fcc) by H2 reduction of 
MoO3 to metallic Mo in the presence of H2.  Results indicate that this phase contains pores of 
about 17 Å in diameter and a high BET surface area of 180 m2/g.  Recently, Roy et al.[136] 
have also prepared high surface area (116 m2 g-1) of bulk γ-Mo2N. 
In the programmed ammonolysis procedure, nitrided materials are typically cooled in inert gas 
(helium, argon or nitrogen) or in a diluted ammonia atmosphere [137].  This is followed by 
passivating nitrides through passing a low diluted oxygen mixture (usually < 1%) in an inert 
gas [138, 139].   Any formed oxide layer is then removed by reduction with H2 or N2/H2.  
It is well documented that ammonolysis of MoCl5 and MoS2 precursors can yield various 
nitrides, most notably, δ-MoN and Mo5N6[54].  In a study conducted by Wise el al. [140], they 
synthesized a high surface are topotactic (150 m2g-1) γ-Mo2N via N2/H2 treatment of MoO3.  
One of the main advantage of such nitridation procedure is the facile elimination of heat 
transfer emitted from the endothermic decomposition of ammonia, (i.e. the N-H bond 
dissociation in ammonia is 93.21 Kcal/mol [6]).   The surface area of the molybdenum nitride 
phases strongly depends on the synthesis conditions; namely, flow rate of nitrogen source, 
temperature and the heating rate.  In their TPR synthesis of γ-Mo2N, Li et al. [141] proposed 
that the surface area of the final nitride phase increases due to the pseudo morphological nature 




Claridge et al.  [129] developed a complex procedure to produce nitrides from carbide 
precursors.  This procedure fabricated high surface area of carbide and nitride materials from 
binary and ternary oxide precursors of vanadium, niobium, tantalum, molybdenum, and 
tungsten. Figure 2.16 shows TPR reactions that operate in the formation of various Mo-N and 
M0-C phases starting from the MoO3 precursor.  TPR analysis showed that by applying various 
gas mixtures, such as CH4/H2, C2H6/H2, or NH3, materials with surface areas >40 m















Figure 2.16: Pathways to Mo-N and Mo-C phases via temperature programmed reaction (TPR) 






Investigating the influence of impurities level on the β-Mo2N phase prepared by N2/H2 
treatment of MoO3 precursors has been explored by Cairns el al.[142].  Results demonstrated 
that adding minor loads of 1 wt % Pd, Au, Ni and Cu prompt significant alternation of the 
surface area of produced β-Mo2N phase at 750 °C.  The impact of using different sources of 
precursors was illustrated in another work by Cairns et al. [143].  Different MoO3 precursors 
provided by AnalaR and Sigma–Aldrich, namely source A and source S, respectively, affords 
different morphologies of β-Mo2N phase; (i.e. plate-like structures and deformed rectangular 
blocks as evidenced by SEM images).  As an alternative procedure of using the TPR of MoO3 
(in where ammonia serves as the source of nitrogen), novel synthesis techniques were 
developed, for example the sacrificial support method (SSM) [136]. The advantage of this 
method was to convert the MoO2 intermediate using MgMoO4.   Xu et al. [144] have suggested 
a synthetic approach termed as self-assembly method to fabricate hexagonal -like MoN 
hierarchical nanochex, composed of single-crystal nanowires.   
 
2.14 Catalysis by Molybdenum Nitrides  
  
Catalysis by metal nitrides rests on two important aspects; the presence of N-vacant sites, and 
the electronic structures that mimic that of Pt-based catalysts.  In hydrogenation reactions by 
γ-Mo2N, N-vacant sites act as hosts for dissociated hydrogen atoms.  The weakly bounded 
surface H atoms migrate to adsorbed hydrocarbon species via relatively facile reactions.  
Previous DFT studies have mainly mapped out governing catalytic reactions for rather limited 
groups of reactions.  Experimental catalysis work on Mo-N based catalysts provided chemical 
conversion values and surface characterisation of adsorbed species.  Implementing high 
resolution transmission electron microscopy combined with Fourier analysis, NMR 
measurements, and X-ray photoelectron spectroscopy (XPS) characterizations were deployed 
to detect the near-surface structures and compositions of a series of molybdenum nitride 








2.15 Adsorption and Activation of Simple Molecules  
 
Molybdenum nitride compounds display profound high catalytic performance in a wide array 
of chemical reactions including CO hydrogenation, ethane hydrogenolysis, NO reduction, and 
hydro-treatment processes. The availability of potent active sites on the surface of the catalyst 
signifies a crucial aspect in the catalytic activity of a material.  For a material to be catalytically 
potent, it must be capable to adsorb and activate the commonly deployed probe molecules such 
as CO, H2, NO, NH3, C5H5N, and O2.  Kinetically, the activation route will be shut down if the 
molecular adsorption and activation are not faster than surface mediated reactions.  To avoid 
deactivation or positing of active sites, rapid desorption of produced radicals is an important 
factor.   Desorption of products from the surfaces makes the active site to be available for 
another adsorption–activation–transfer–desorption cycle.  Figure 2.17 depicts typical catalytic 
cycle steps [139].  
 
Figure 2.17: The main cycle that involves the reactions of any molecule over a surface catalyst.  







2.15.1 Hydrogen (H2) 
  
Hydrogen is the most commonly used probe molecule to examine catalysis by metal nitride 
surfaces.  Typically, a catalyst is active when it can adsorb and activate molecular hydrogen 
(H2) at a sufficient reaction rate for a proposed period of time and at a specific temperature 
window. It is well established that Hydrogen interaction is desired on coordinatively 
unsaturated Mo (i.e. nitrogen deficient sites).  At room temperature and over a polycrystalline 
γ-Mo2N, the adsorption of hydrogen commences sluggishly, meaning that it is an activated 
process [145].  
Figure 2.18 displays hydrogen uptake at 673K for Mo2N [145].  H2-uptake measurements over 
Mo2N with a surface area of 79 m
2g-1 and reduced (i.e., purging the surface with hydrogen) at 
673 K were carried out by Li et al. [145].  The uptake isotherms in the temperature range of 
308–623 K inferred that the total and reversible hydrogen uptake increased with the 
temperature. However, the irreversible hydrogen uptake augmented suddenly when the uptake 
temperature was raised up to 423 K.  The maximum of irreversible hydrogen uptake was found 
to proceeds at 473 K.  One of the proposed mechanisms for hydrogen adsorption took place 




































Based on nuclear magnetic resonance NMR measurements, Haddix et al. [146] stated that 
hydrogen dissociatively adsorbed over γ-Mo2N with high surface area ~120 m
2/g.  The 
maximum total uptake of hydrogen is limited to about 10% of the total available BET surface 
area of γ-Mo2N, suggesting that the activation of hydrogen molecules is hindered by a relatively 
high temperature.  The preferred adsorption site was also predicted to be nitrogen deficient 
sites.  The interactions of H2 and NH3 with clean Mo(100) and nitrided Mo(100)-c(2×2)N 
surfaces were investigated via temperature programmed desorption (TPD) and Auger electron 
spectroscopy [147].  They suggested that at a given hydrogen coverage, the nitrided surface 
seems to adsorb ~ 4–10 times less than the expected concentrations of H2 molecule than the 
clean Mo (100) surface. 
The H2-TPD profiles reported by  Li et al. [148]  are shown in Figure 2.19.  High surface area 
γ-Mo2N (134m
2/g) was treated in a hydrogen environment at specific temperatures.  This has 
been followed by cooling to room temperature in the flow of H2 before the TPD experiments 
















Zhang et al. [149] found that by TPD and temperature programmed adsorption (TPA) 
techniques, the adsorbed hydrogen species were able to mobile and migrate from low 
adsorption energy sites (N vacant sites) to high adsorption energy sites (atom N sites).  This 
facile surface diffusion sustains the dynamic equilibrium.  Two hydrogen adsorption peaks at 
517 K and 736 K were detected.  These peaks were assigned to belong to low and high 
adsorption sites, respectively. TPD and TPA measurements overall indicate a rapid equilibrium 
between adsorption and desorption reactions.  
2.15.2 Oxygen (O2)  
 
It has been reported that oxygen can diffuse into the subsurface layers of molybdenum nitrides.  
During exposure to dilute O2 mixture, a thin oxide passivating layer may form.  The rates of 
oxygen diffusion into the subsurface and react with Mo are accelerated at higher temperatures.  
The potential occurrence of oxygen subsurface diffusion indicates that higher operating 
temperatures systematically enhances the overall uptake of oxygen as additional oxygen atoms 
are to be sub-surface adsorbed [150].  Figure 2.20 reveals that the oxygen uptake at 298 K is 
greater than the corresponding uptake at 195 K, due to either oxidation of subsurface layers or 
incomplete surface coverage.  Markel et al.  [137] indicated that the developed passivation 









Figure 2.20: A comparison of the BET surface areas and O2 uptakes following pre-treatment in 





2.15.3 Carbon monoxide (CO) 
 
Yang et al. [151] have  investigated surface active sites and adsorption properties of CO on the 
fresh and reduced passivated samples of Mo2N/Al2O3.  The Infrared (IR) spectrum of the CO 
adsorption displayed distinct patterns over fresh and reduced passivated samples. For the fresh 
sample, the IR spectrum of adsorbed CO showed that CO molecule adsorbed on the top of 
molybdenum and nitrogen sites forming a surface CO and NCO species. However, in the case 
of reduced passivated sample, an oxynitride layer was formed. 
Generally, the adsorbed CO molecule undergoes a dissociative adsorption to C and O atoms. 
Furthermore, the IR results clearly demonstrated that the pre-adsorption of H2 on fresh 
Mo2N/Al2O3 hinders the CO adsorption, presumably due to the pre-occupation of active sites 
by dissociated hydrogen molecules.  
Through DFT calculations, Frapper et al. [152] determined the most favorable energetic sites 
for CO molecular adsorption over γ-Mo2N (100) plane. CO was positioned at several 
adsorption sites.  Results indicate that four lowest adsorption positions can be distinguished as 
illustrated by Figure 2.21, namely, on-top Mo1, on-top Mo2, on-top nitrogen surface N atom, 
and on 4-fold vacant site.  However, the 4-fold vacant site is predicted to have the lowest 
coordination mode with adsorption energy of -1.49 eV (~ -34.3 kcal/mol). Comparable 
adsorption energies were obtained for the three sites.  However, the chemisorbed CO molecules 
have not been observed experimentally on the Mo2N catalyst.  Nonetheless, 4-fold hollow in 
(100) fcc surface were a promising active site for diatomic molecules on the basis of IR 
interpretation.  The computed binding energies were -1.43 eV (~ -32.9 kcal/mol) and -1.32 eV 
(~ -30.4 kcal/mol) for the Mo1 and Mo2 sites (refer to Figure 2.21), correspondingly. This 
adsorption energy matches very well the corresponding adsorption energy of CO over the 
Pd(100), i.e.,  1.44 eV (~33.2 kcal/mol) proving the well-known Pt-like catalytic properties for 
nitride molybdenum catalysts [153].  CO adsorption over atom N sites leads to the formation 
of a chemisorbed NCO species. The calculated adsorption energy corresponds to a slightly 
endothermic reaction by 0.23 eV (~ 5.3 kcal/mol), however, no activation barrier was reported.   
Despite of this low endothermicity, removal of a surface N atom is expected to incur a sizable 















Figure 2.21:  Schematic showing the possible active sites of CO adsorption on clean (100) 1×1 
surface: (A) on-top Mo1, (B) on-top Mo2, (C) on-top nitrogen surface atom Nsurf, and (D) on 4-
fold site µ4-CO. The red square symbols correspond to the vacant 4-fold hollow sites [154]. 
 2.15.4 Adsorption of N2 
 
It has been reported that N2 dissociativly adsorb over Mo2N and at high temperature forming 
nitrogen-saturated surface.  DFT calculations predicted  the dissociation energy to be around  -
2.04 eV/N2 molecule [154].  Along the same line of enquiry, Hillis et al. [155] predicted very 
weak adsorption of molecular nitrogen over the molybdenum dioxide (MoO2) surfaces during 
the process of ammonia synthesis. 
Moreover, Aika and Ozaki reported that about 146 ml(STP)/(3.39g molybdenum) of  N2 was 
absorbed on a molybdenum metal after 69 h of nitriding in a pure N2 atmosphere [156].  
Molybdenum containing ternary nitrides such as Co3Mo3N assumes high possibility to act as 
nitrogen transfer agents via Mars−van Krevelen-like mechanism in cyclic involving activating 
nitrogen that can be released and replenished.  In these reactions,  Co3Mo3N serve as  a nitrogen 






2.16 Catalytic Activity of Molybdenum Nitride Compounds 
 
The catalytic performance of group V and VI metal nitrides and carbides in catalysing various 
reactions including, butane dehydrogenation, isomerization and hydrogenolysis etc. have been 
surveyed in several reviews [147, 159-161].  Neylon et al. [159] observed that turnover 
frequencies estimated for the nitride and carbide catalysts were of the same order of magnitude 
as that for the Pt–Sn/Al2O3 catalyst.  Figure 2.22 demonstrates Arrhenius-type plots for the 
hydrogen evolution reaction over selected metal nitrides of group V and VI along with 
corresponding values of Pt–Sn/Al2O3.  Nitrides of molybdenum, tungsten and vanadium were 
found to be considerably active during number of reactions. However, herein we focused on 










Figure 2.22: Reaction rate constants for hydrogen evolution over  transition metal carbides and 
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2.16.1 Hydrotreating Reactions 
 
It is well recognized that hydrotreating reactions are considered as one of the most essential 
catalytic processes in petrochemical industries.  They refer to a chemical process in which 
heteroatoms such as, S, N, and O or metals are removed from crude oil feedstock.  Depending 
on the target molecule/atomic constituents, several catalyzed hydrogenation operations were 
developed, this includes HDS, HDN, HDO and hydrodemetallization (HDM) [139, 147, 155].  
Owing to environmental concerns from the increasingly emissions of SOx and NOx gases from 
thermal processes, strict rules and regulations to diminish the releases of such pollutants have 
been imposed.  As such, this has promoted catalysts scientists to fabricate and test the capacity 
of Mo-N as cost-effective materials in hydrogenation applications [169-171]. Figure 2.23 
summarizes fundamental catalytic activities of molybdenum nitride. 
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Figure 2.23: The main applications of molybdenum nitride catalysts. 
 
2.16.1.1 Hydrogenation (HYD) 
 
It is well established that the availability of surface hydrogen plays crucial role in 
hydrogenation-based reactions.  The inclusion of nitrogen induces significant alternation of the 
catalytic activities of the host metals (i.e. Mo) via adjusted bonding strengths and improved 
electronic structure [172].  TMNs show high catalytic activity and selectivity as compared to 
their metal hosts.  This is stemmed from electronic effect of metal nitrides which is in turn 
governed by density of states of the d-orbital.  
In a nutshell, when a metal-nitrogen bond forms, the resulting smaller deficiency in the d-band 
occupancy of the metal motivates  an electron donating character [173] from the metal toward 
N atoms.  These significant electronic changes render Mo-N based materials to mimic the 




The catalytic performance of transitional metal nitrides was shown to be highly sensitive to the 
transitional metal: nitrogen ratios as well as the structural phase (i.e. cubic δ versus hexagonal 
β).  In this regard, β-Mo2N affords generally higher specific turn over frequencies in reference 
to the δ phase. Recent DFT studies have provided a molecular-level understanding of catalytic 
reaction mechanisms operating over surfaces of transitional metal nitrides. As mentioned 
earlier, measurements by NMR and TPD techniques provided insightful information pertinent 
to hydrogen dissociative adsorption on Mo2N [145, 148, 175]. While literature has answered 
many intriguing questions pertinent to electronic dictating factors contributing to catalysis by 
transitional metal nitrides, governing mechanisms and surface modifications during the course 
of gaseous molecules – surface interactions. Nonetheless, several aspects necessitate further 
investigations; most importantly, phenomena leading to poisoning of catalytic active sites at 
higher temperatures; potential influence of dopants and atomic-type terminations on surface 
diffusion, and the effect of oxygen-rich streams versus pyrolytic conditions on the catalytic 
activity.     
Reviews on transitional metal nitrides have mainly focused on their structures and experimental 
findings related to hydro processing.  Discussing results from TPD technique pertinent to 
hydrogen interaction with Mo2N without accounting for mechanisms and structural/electronic 
factors contributing to the catalytic behaviour of TMNs.  Selective hydrogenation occupies the 
core of many chemical industries.  Additionally, several factors influence the hydrogenation 
activity and / or selectivity.  These factors include the specific surface area (SSA), the nature 
of the surface-active sites and crystalline phase of particular catalysts [170, 176].  Detailed 
descriptions of chemical phenomena pertinent to γ-Mo2N-assited catalysis are extensively 
discussed in Chapters six, seven, and eight of this dissertation. 
  2.16.1.1a Selective hydrogenation of ethyne over γ-Mo2N 
                                                                                                                                                                                                                                                                                                                                                                                   
The selective hydrogenation of ethyne over γ-Mo2N surface catalyst has been investigated by 
Hao et al. [177]  at 50–210 ºC.  The selectivity of producing ethene as a reaction outcome 
steadily increased at 150ºC. They proposed that a conversion of ca. 85% ethyne and selectivity 
of ca. 85% for ethene were obtained at 130°C.  The influence of reaction time and temperature 
on the conversion and selectivity of ethyne hydrogenation is clearly seen from Figure 2.24a 
and b, respectively.  At the start of the reaction (i.e., the first 30 min), the selectivity for ethane 
and butane improved and the conversion of ethyne reached about 100%. The key reaction 




ensured high hydrogenation activity, so that ethyne is hydrogenated directly to alkanes (ethane 
and butane). Besides, via the analysis of Figure 2.24b the data demonstrate that the conversion 
of ethyne improved from 3 to 99%, at temperature ranged from 50 to 210◦C. In addition to 
increasing the selectivity of ethene from 75 to 90%.  However, the selectivity of butene rapidly 
diminished at higher temperatures as compared with ethane which was trivial at all reaction 
temperatures [177]. They attributed that the high activity and selectivity towards ethene 
formation was governed by thermodynamic selectivity [178].  Implying that, high coverage of 
ethyne over γ-Mo2N active sites suppresses ethene from re-adsorption resulted in high 
selectivity of ethene. However, selectivity of ethane and butene were low due to lower coverage 
of ethyne on the surface of γ-Mo2N. In another expression, high selectivity for alkenes in the 
hydrogenation reaction suggests that alkenes have a weaker adsorption than alkynes over the 









Figure 2.24: Activity and selectivity of ethyne hydrogenation on γ-Mo2N as a function of (a) 
reaction time at 150ºC, SVD 7000 h-1. (b) at different reaction temperatures, SVD5000 h-1 
[177]. 
 
A Recent study performed by Cárdenas-Lizana et al.  [179] reported the synthesis of two 
crystalline phases of molybdenum nitride namely, tetragonal β-Mo2N with specific surface area 
(SSA = 6–15 m2 g-1) and cubic γ-Mo2N (45–135 m
2 g-1) for selective hydrogenation of alkyne.  
Results showed that those materials exhibit high selectivity (77–90%) in acetylene 
hydrogenation to ethylene. They proposed that, β- and γ- phases exhibited steady-state 
conversion and similar selectivity with time on-stream, as demonstrated for 13 h of nonstop 
operation over γ-Mo2N as displayed in Figure 2.25. They attributed the stability of the both 
prepared catalysts to the trivial amount of undesired formation of green oil, which could 
deactivate the catalyst by blocking the active sites. Governed by H2 and acetylene uptake, β-
Mo2N crystallography delivered higher formation of Green oil with selectivity of (S ≤ 15%) 
due to higher C2H2/H2.  However, Green oil production was lower (S = 3%) over γ-Mo2N due 






Figure 2.25: SEM images of (a) Small crystalline aggregates of β-Mo2N phase via a non-
topotactic conversion of MoO3. (b) Large platelets with secondary smaller rod-like structure of 
γ-Mo2N phase. (c) Variation of acetylene conversion (X-orange dash dots) and selectivity (S) 
to ethylene (pink dash dots), ethane (green dash dots) and green oil (red dash dots) with time 








2.16.1.1b Selective Hydrogenation of 1,3-Butadiene 
 
As an industrially important reaction to prevent catalyst poisoning, the selective hydrogenation 
of butadiene to butane is of great significance.  
In an experimental study carried out by Wu et al. [180] to investigate the selective 
hydrogenation of 1,3-butadiene and 1-butene over Mo2N/γ-Al2O3 catalyst. In situ FT-IR 
spectroscopy detected the formation of several chemisorbed surface species. Furthermore, the 
occurrence of the πd-adsorbed butadiene considerably inhibits 1-butene from being adsorbed. 
The high selectivity in the hydrogenation of 1,3-butadiene to 1-butene can also be ascribed to 
the surface nitrogen atoms that weaken the interaction between 1,3-butadiene and the catalyst 
surface. In another study, the selective hydrogenation of 1,3-butadiene has been assessed on γ-
Mo2N catalyst. The γ-Mo2N catalyst was found to be selective to hydrogenate 1,3-butadiene to 
1-butene.  Surface hydrocarbonaceous species were probed by both IR and H2-TPSR, in charge 
of deactivating and poisoning the active sites of the nitride catalyst[181]. The selectivity 
behaviour could also be interpreted according to the C=C bond nature by which 1,3-butadiene 
exhibits strong adsorption energy owing to possessing two C=C double bond, and 1-butene 
displays weak adsorption energy owing to holding one C=C double bond[182]. 
 
2.16.1.2 Hydrodesulfurization (HDS) 
 
Mo-based catalysts have comprehensively been deployed in the HDS of petroleum feed stocks 
to eliminate the heteroatoms from thiophenic compounds such as thiophene (T), 
benzothiophene (BT), and, dibenzothiophene (DBT) [137, 183-186]. The latter group of 
compounds signify major S-carriers in coals and transportation fuels.  Ozkan et al. [187] 
prepared an unsupported γ-Mo2N catalyst for the HDS of BT in the presence/absence of NH3.  
The catalyst was highly active towards formation of ethylbenzene at temperature range of 473–
653 K. 
In order to investigate the catalytic activity of DBT towards HDS reaction , Park et al. [188] 
prepared Co and Ni  promoted nitrided Mo/γ-A12O3, and unsupported molybdenum nitride 




monitored variation in temperature, pressure, and contact time increases the reactivity and 
selectivity toward producing biphenyl (BPN) and cyclohexylbenzene (CHB). 
Liu et al. [189] prepared γ-Mo2N and Co-promoted molybdenum nitrides Co−Mo−N catalysts 
with high surface area have been prepared and characterized by XRD and BET.  The findings 
of measurement of HDS of DBT indicate that γ-Mo2N and Co−Mo−N have higher HDS activity 
and selectivity for C−S bond rupture.  Furthermore, adding Co as a promoter considerably 
enhanced the HDS activity of the γ-Mo2N.  The network displayed in Figure 2.26 points out to 
two main reaction corridors designated as the HYD of one aromatic ring to give a mixture of 
4H-DBT and 6H-DBT and HDS of these intermediates proceeds rapidly to produce CHB.  
While, the second possible corridor corresponds to the direct hydrodesulfurization (DDS) 
forming (BPN), occurs by hydrogenolysis.  
 
 
Figure 2.26: HDS reaction routes of dibenzothiophene over Co-promoted molybdenum 





An experimental study performed by Ramanathan and Oyama [190] focused on exploring 
catalytic activities of a series of transition metal carbides and nitrides of Mo, W, V, Nb, and 
Ti.  Nitrides of these metals were prepared via TPR of their oxide precursors with a reactant 
gas (20% CH4/H2 for the carbide samples and 100% NH3 for the nitride samples).  BET 
chemisorption measurements were carried out using N2 and CO as probe molecules.  The 
catalysts were tested in a three-phase trickle-bed reactor for their activity in HDN, HDS, and 
HDO.  Figure 2.27 displays the HDS activity of the studied catalysts.  The commercial Ni-
Mo/Al2O3 catalyst showed highest activity than the transition metal carbides and nitrides for 
the desulfurization of DBT. The observed catalytic activities follow a sequence of NiMo/Al2O3 
> Mo2C > WC > Mo2N > NbC > VC > VN > TiN (i.e. group 6 > group 5 > group 4, with very 
minor ratios of NbC, VC, and VN therefore they haven’t been shown in Figure 2.27.   In all 
considered catalysts, the only distinguished product from the HDS of DBT was BPN.   
Moreover, the inferior HDS activity of the carbides and nitrides may attribute to the uptake of 




Figure 2.27: HDS activities of carbides and nitrides as compared with NiMo/Al2O3 at 643K, 
























2.16.1.3 Hydrochlorination (HDC)  
 
The emerging interest in transition metal nitride to promote the production of industrially 
important aromatic chloroamines, demonstrates a significant importance in the field of 
catalysts. Of particular interest is the selective hydrogenation of p-chloronitrobenzene (p-CNB) 
to p-chloroaniline (p-CAN). 
The Hydrogenation of (p-CNB) to (p-CAN) comprises two main reaction routs motivating the 
formation of several intermediates as Figure 2.28 discloses. According to the direct pathway, 
the hydrogenation of (p-CNB) commences via generating chloronitrosobenzene (CNSB) and 
chlorophenylhydroxylamine (CPHA) as a reaction by-product. Further hydrogen transfer 
reaction giving rise to the production of (p-CAN). Nevertheless, the condensation pathway 
involves the formation of nitroso, and hydroxylamine intermediates resulting in producing 
several side products such as chloroazobenzene (CAB) and chlorohydrazobenzene (CHAB), 
which also subsequently undergo hydrogenation to give (p-CAN). 
 




Literature reported that selectivity towards the desired haloamines was attained using several 
catalyst systems, examples including, MgF2/ Ru-Cu catalysts[191],  Pd catalysts [192],  
activated carbon supported Pt(Pt/AC) and Fe promoted Pt (Pt–Fe/AC) catalysts[193], and on Au13 
and Au55 nanoclusters [194], Ni/TiO2[195].   Additionally, molybdenum and tungsten carbide 
(Mo2C, W2C) and nitride (Mo2N) were prepared from MoO3 and WO3 by temperature-
programmed treatment with C2H6/H2 and N2/H2 atmosphere. The catalytic action in the gas 
phase HDC of 1,3-dichlorobenzene (1,3-DCB) to [196].  Results suggest that Ni/SiO2 
favoured concerted removal of both Cl substituents to chlorobenzene had been observed. Wang 
et al.[197] fabricated an onion-like morphology of nanostructured δ-MoN catalyst for selective 
hydrogenation application of functionalized nitroarenes compounds.  
2.16.1.3 Hydrodenitrogenation (HDN) 
 
Hydrogenolysis of aromatic and non-aromatic hydrocarbons is currently utilized as a main 
stream strategy in the production of environmentally friendly fuel that contains no heteroatomic 
contents, most notably S and N. Central in this strategy is the development of cost-effective 
catalysts that resists rapid activations and provide high hydrogenation catalytic efficiency [198, 
199].  Early studies reported the catalytic performance of high surface area transition metal 
carbides, nitrides, and borides for quinoline HDN in a batch autoclave reactor[200]. They 
pointed out that high surface area molybdenum carbide and nitride catalysts were able to 
effectively remove the N content in quinolone with less hydrogen consumption in reference to 
commercial Ni-Mo/A12O3 catalyst.  It has been reported that the structure-sensitivity (i.e. site 
density examined by chemisorption of CO) holds a minor effect on catalytic activity during 
HDN and HDS reactions.  Figure 2:29 shows the quinoline HDN activities of carbides and 
nitrides as compared with NiMo/Al2O3 at 643K and 3.1MPa.  It is clearly seen that the HDN 
activity of Mo2C was found to be analogous to that of a commercial NiMo/Al2O3 catalyst.  The 
identified products from quinoline HDN were hydrogenated quinoline compounds and 





Figure 2.29: HDN activities of carbides and nitrides as compared with NiMo/Al2O3 at 643K, 
3.1MPa, and liquid hourly space velocity (LHSV) of 5 h-l  [190]. 
Lee et al. [201] proposed reaction routes for nitrogen removal from quinolone over Mo2N 
surface. They explained that quinoline HDN exhibited a high selectivity for the formation of 
propylbenzene from 1,2,3,4-tetrahydroquinoline instead of propylcyclohexane from 
decahydroquinoline.  Senzi et al. [202] reported the HDN behaviour of indole over Mo2N 
catalyst. They indicate that Mo2N exhibits high activity towards the HDN of indole as 
compared to that of MoNi/γ-Al2O3 with less hydrogen consumption.   Concerning the HDN of 
pyridine over γ-Mo2N, the major reaction products includes alkanes and pentane [150].  Less 
H2 consumption and high catalytic performance in indole HDN has been observed by Li et al. 
[203].  In their study, they tested the HDN’s activity and selectivity of indole over fcc-Mo2N 
prepared by TPR method and sonochemically synthesized hcp-Mo2C.  It was concluded that 
structure, composition and crystallinity of the catalysts play a significant role on the activity 
and selectivity of indole’s HDN.  
Nagai et al. [170] stated that the activity of Mo2N strongly depends on surface structure and 
the availability of active phases which are distinguished to be metallic Mo (modest activity 
sites) and N deficient (high activity sites).  In addition to that, the catalytic performance of 
12.5% Mo nitride supported on Al2O3 for the HDN of carbazole have been determined [204]. 





























a wide peak which deconvoluted to six nitrogen peaks. Four peaks were resulted from the 
desorption of nitrogen gas on the surface molybdenum species including MoO2, γ-Mo2N, Mo 
metal, and alumina. The extra two peaks were due to nitrogen release from the bulk 
molybdenum nitride. The activity of nitrided catalysts for the HDN of carbazole was not 
ascribed to a surface acidity, however, it was concluded that the reduced molybdenum ions 
Mo+2 plays a vital role in the HDN mechanism. 
Nagai and Miyao [205] demonstrated that alumina-supported molybdenum nitride catalyst 
reveals superior activity in the HDN of carbazole at 553-633 K and 10.1 MPa total pressure in 
reference to the sulfided and reduced treated phases.  Figure 2.30 contrasts the HDN’s 
performance of carbazole between several treated conditions including nitrided, sulfided and 
reduced (i.e., the surface was purged with hydrogen flow then the surface was cooled down 












Figure 2.30: The HDN of carbazole [205]. 
Catalytic decomposition of hydrazine (N2H4) over fresh and reduced passivated Mo2N catalyst 
were studied [206].  It was suggested that N2H4 is adsorbed mainly on the Mo site. Depending 




below ~ 700 K.  Above this temperature, decomposition of ammonia forms hydrogen and 
nitrogen molecules. Similar products were observed over the Ir/γ-Al2O3 catalysts. 
2.16.1.4 Hydrodeoxygenation (HDO) 
 
The HDO reaction of oxygen-containing structural entities has been successfully implemented 
in petrochemical industries on commercial scales [207, 208]. 
A study conducted by Ghampson et al. [209] investigated the influence of nitriding procedure 
and support on properties in HDO of guaiacol molecule over molybdenum nitride catalysts. 
The Mo-N catalyst that was synthesised by the N2/H2 mixture and ammonolysis routes was 
reported to be a more active HDO catalyst.  This was ascribed to higher dispersion of the 
molybdenum oxynitride phase.  Another study conducted by the same group reported that the 
un-promoted Mo2N catalysts with the highest N/Mo concentration affords the maximum 
activity in the HDO of  guaiacol [162].  Furthermore, the HDO activity of guaiacol over 
alumina- and silica-supported molybdenum nitride catalysts has been reported.  The alumina 
supported nitrides was found to afford significant conversion of guaiacol to catechol whilst, 
slight catechol production, and maximum phenol production have been detected over silica 
supported catalysts [210].  Proposed reaction mechanism of guaiacol HDO over Mo2N 
supported on commercial activated carbons is depicted in Figure 2.31.   It is obviously realized 
























Figure 2.31: The reaction network for HDO of guaiacol [211]. 
 
2.16.2 Hydrogen Evolution Reaction (HER) 
 
The proficient production of hydrogen from the electrolysis of water has been a main theme in 
catalysis research [212-214].   A commercially sustainable production of H2 from sunlight and 
H2O require light absorbers and electrocatalysts made out from inexpensive materials [215, 
216].  The typical electrocatalytic systems for H2 generation integrate noble metals mainly Pt 
as a catalysts due to superior activity, low over potential and fast kinetics for driving the HER 
[217] [218].   Not only the high costs but also limited availability of these noble metals hinder 
their commercial applications [219].  In addition to Pt-based catalysts, non-noble metal 
compounds have been broadly synthesised and characterized to be applied in the form of 
supported or promoted catalysts for HER application. Examples including, MoS2 nanoparticles 
[220], WC  [221], and Pyrene-functionalized Nickel complexes [222], in addition to as metal 




The performance of molybdenum or tungsten nitride containing compounds as a catalyst in the 
hydrocarbons hydrogenolysis was shown to overshoot that of precious metal [150].  A study 
conducted by Chen et al.  [224] reported the synthesis of NiMoNx/C nanosheets by reduction 
of a carbon-supported ammonium molybdate and nickel nitrate mixture in a tubular oven in H2 
environment at 400ºC, followed by the reaction with ammonia at 700ºC. The prepared 
heterogeneous catalyst exhibited high HER activity. Moreover, biomass-derived 
electrocatalytic composites for hydrogen production is an interesting area of research since it 
combines catalyst made from earth-abundant metals (i.e., molybdenum) and soybeans (a 
common source of high protein biomass).  One of the recently developed catalyst in this regard 
is the MoSoy [225].  Basically, this catalyst consists of β-Mo2C phase and an acid-proof γ-
Mo2N phase.  The so-called MoSoy catalyst mediates the occurrence of the HER.  The merits 
of this catalyst are high durability in a corrosive acidic solution over exceeding period spanning 
more than 500 hours. The MoSoy catalyst supported on graphene sheets attains very fast charge 
transfer kinetics with an overall performance that is in accord with those of Pt for hydrogen 
production.  The development of MoSoy establishes that catalysts with hybrid mixing of 
transition metals with high-protein biomass is a novel synthesis procedure for materials with 
potential applications the emerging hydrogen economy.  Chen et al.  [226] stated that the 
growth of the W2C–WN nanoparticles onto graphene nanoplates would be more efficient in 
the HER.  The graphene -supported W2C and WN had an over potential of nearly 120 mV at 
current density of 10 mA/cm, while the bulk W2C catalyst required 336 mV at the same current 
density.  
 
2.16.3 Ammonia Synthesis and Decomposition Reactions  
 
Ammonia currently constitutes a viable hydrogen carrier in potential applications of hydrogen 
fuel cells.  For this reason, synthesis and decomposition of ammonia have been extensively 
investigated  from  both fundamental and commercial aspects [227].  Ammonia synthesis 
reaction represents an industrially important feedstock in the production of strategic chemicals; 
most notably,  fertilizers and nitric acid derivatives [228].  In the opposite-direction process, 
decomposition of ammonia affords hydrogen molecules in a process that is environmentally 
friendly as it does not produce the toxic species (i.e., CO).  The commercial method to produce 
ammonia is termed as the Haber process based on the ruthenium (Ru) as catalyst [229]. The 




pressures [230, 231].  Metal nitride catalysts were regarded as better replacement for the Ru-
based catalysts [232] based on the involved costs and required synthesis conditions. Their 
activities are very comparable to those commonly attained on noble-metal [233]. Liang et al. 
[234] fabricated MoNx/α-Al2O3 and NiMoNy/α-Al2O3 catalysts for ammonia decomposition 
reaction. The demonstrated that the synthesised catalysts were active for ammonia 
decomposition with 98.7% and 99.8% conversions over nitrided MoNx/α-Al2O3 and 
NiMoNy/α-Al2O3, correspondingly. Ammonia decomposition activity as a function of Mo 









Figure 2.32: Ammonia decomposition over MoNx/γ-Al2O3 catalyst with different MoO3 
loading (wt%) at 650 ºC and 1800 h-1GHSV[234]. 
Tagliazucca et al. [61] fabricated molybdenum-based catalysts from MoO3 and NH2 to be used 
in the decomposition of ammonia into hydrogen and nitrogen molecules. Likewise, literature 
presents several accounts of the catalytic-assisted decomposition of ammonia [235]. It has been 
postulated that the morphology of fabricated molybdenum nitrides displays slight effect on the 
catalytic performance for ammonia synthesis [133]. This implies that the nanorod forms of β-
Mo2N0.78 and γ-Mo2N reveal parallel activities.  As previously illustrated in various sections of 
this chapter, prominent steps in the dissociative decomposition of a molecule were assumed to 
occur over N-vacant sites. Similarly, Podila et al. [236] showed the catalyst stability of 
hydrogen production from ammonia utilising high surface area Mo2N and Co3Mo3N catalysts. 
Suggesting that at a constant hydrogen production rate, no catalytic deactivation had been 






Figure 2.33: Ammonia conversion and the catalyst stability over MoN, 1CoMoN,  3CoMoN, 
and 5CoMoN catalysts at 600ºC and GHSV of 6000 h-1 [236]. 
 
2.16.4 Reforming Reactions 
 
Dry (CO2) reforming of methane (DRM) reaction carries a substantial importance in both scientific 
and industrial sectors.  This reaction converts CH4 and CO2 into syngas (i.e., CO and H2) with low 
ratio of H2 /CO: 
CH4+CO2→2CO+2H2 
A wide range of catalysts were utilized to perform this reaction, most notably Ni, Co, Rh, Ru, Pt, 
and Pd metals.  However, these catalysts are highly deactivated owing to carbon deposition and 
inefficient in terms of high prices and limited availability.  Commercial application of the DRM 
process requires the development of non-noble metal catalysts that resist carbon deposition.  While 
the effect of several operating parameters on the yield of syngas are adequately comprehended, 
elementary steps involved in the activation and conversion of CH4 and CO2 remain highly 




bimetallic molybdenum nitrides-based catalysts for DRM reaction.  Findings indicated that the 
Mo2N, Ni3Mo3N and Co3Mo3N materials were catalytically active toward the DRM reaction 
at temperature higher than 550ºC. Moreover, they observed that the bimetallic nitrides 
Co3Mo3N and Ni3Mo3N showed enhanced catalytic activity, stability and resistant to oxidation 
as compared with molybdenum mononitride. Figure 2.34 shows SEM images of fresh catalysts 

















Figure 2.34: SEM morphologies of fresh catalysts (a) Mo2N, (b) Ni3Mo3N, (c) Co3Mo3N, (d) 
temperature versus CH4 conversion for DRM over Mo2N, Ni3Mo3N and Co3Mo3N catalysts (e) 





2.16.5 Oxygen Reduction Reaction (ORR) and Methanol Oxidation Reaction (MOR) 
 
Direct methanol fuel cells (DMFCs) now stand out as a sustainable energy source.  In the 
process of DMFC, adsorbed CO species are produced in the course of electro oxidation of 
methanol.  Polar methanol molecules can diffuse through membrane materials.  This in turn 
gradually blocks the air electrode.  A great deal of efforts has targeted synthesis of catalysts 
that can adsorb produced CO molecules. The high cost incurred from the use Pt-based catalysts 
has hindered commercialization of DMFCs.  The development of innovative non-noble 
catalysts has the potential to substantially decrease the cost of DMFCs  [240].  
Xia et al. [241] produced cost- effective MoN electrocatalyst with an approximate particle size 
of 4 nm to be deployed as oxygen reduction catalysts for DMFCs applications via heat 
treatment of molybdenum tetraphenylporphyrin in the presence of an NH3 atmosphere at 
different temperatures (from 600 to 1000 ºC).  The electrochemical measurements disclosed 
that the synthesised MoN catalyst has a durable ORR activity and methanol-tolerant property. 
Literature reported the relationship between the structures of molybdenum nitrides and their 
catalytic activities toward the ORR and MOR.  Qi et al. [242] synthesized two carbon-
supported molybdenum nitrides namely, MoN/C and Mo2N/C in NH3 environment.  The 
catalytic activities of the MoN/C and Mo2N/C in the ORR and MOR operations were examined 
in O2-saturated 0.5MHClO4 solution and N2-saturated 0.5MHClO4 + 1MCH3OH solution, 
correspondingly.  The stability of the MoN/C and Mo2N/C in oxygen atmosphere was 
confirmed via measurements in a fast scanning in O2-saturated solution.  Monometallic 
hexagonal molybdenum nitrides MoN/C displayed enhanced activities as compared with rock 
salt type molybdenum nitride Mo2N/C.  This phenomenon was ascribed to either the higher 
molybdenum valence or a more favourable coordination environment in the hexagonal phase.  
DFT calculations enabled to gain a molecular level understanding into the relationship between 
the structures of molybdenum nitrides and their catalytic activities [242].  Findings suggest that 
both molybdenum nitride phases mediate the dissociation of O2. The appropriately selected 
configuration of the MoN and the preferred oxygen adsorption site are contributing factors in 
the observed high catalytic activity of the MoN/C toward the ORR.  Figure 2.35 pictured the 
















Figure 2.35: ORR curves for MoN/C, Mo2N/C, XC-72R and MoO2/C [242]. 
 
Cao et al. [62] synthesised several monometallic and bimetallic molybdenum nitrides by 
ammonolysis of several precursors at temperatures ranged from 600-750ºC. Prepared phases 
included, δ-MoN, Mo5N6, Mo2N, and Co0.6Mo1.4N2 to be deployed as electrocatalysts 
particularly as polymer electrolyte membrane fuel cells (PEMFCs) for the oxygen reduction 
reaction (ORR).  Findings indicate that fcc−Mo2N prepared via MoO3 displayed poor ORR 
activity (Eonset = 0.420 V) in acid electrolyte while hexagonal δ-MoN synthesised by MoCl5 





























Figure 2.36: SEM images of nitrides Mo2N, Mo5N6 and δ-MoN, and Co0.6Mo1.4N2. The bottom 






2.17 Gap in Current Knowledge  
 
1- Great deal of literature has been devoted to investigating structural and electronic properties 
of bulk molybdenum nitride, however, thermo-elastic and optical properties of this material 
haven’t been investigated.  To underpin this, theoretical predictions of volume dependent is 
necessary to acquire thermo-mechanical properties at high temperatures (up to melting point) 
and high pressures (up to 12 GPa).  
2- Literature presents no account on surface, bulk properties and thermodynamic stability 
trends of molybdenum-nitride MoN and tungsten nitride WN.  For this reason, electronic and 
structural, phase stability diagram, vacancy formation energies of hexagonal phases of MoN 
and WN surfaces have been comprehensively studied in this thesis.  
3- The catalytic role of molybdenum nitride γ-Mo2N catalysts in facilitate cleaving various 
chemical bonds is very critical and has been evaluated experimentally. However, the 
underlying mechanisms governing these reactions are yet to be established.  In the following 
chapters of the thesis, I provided detailed mechanisms for various surface-mediated 
hydrogenation reactions. This includes selective HYD of acetylene over γ-Mo2N (100) and 
(111) catalytic surface, HDS of thiophene over (111) γ-Mo2N surface, and the reduction 
mechanism of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN).  The overall aim is 
to attain an insight into the experimentally acquired chemical conversion values and the 
reaction routes that are catalysed by a stand-alone Mo-N system.  
4- Motivated by the fact that, the influence of dopant elements is expected to improve material’s 
properties, it is required investigating optical properties of Cr-Mo-N thin films with various 
molybdenum concentrations using sputtering techniques coupled with theoretical-based 









Chapter 3 Research Methodology 

























3.1 General Introduction 
 
Computational chemistry combined with experimental techniques is becoming the major and 
backup power that contributes to design new materials at a macroscopic level.  Simulation 
modelling motivates widespread interests and plays a distinct role in material science, since it 
facilitates conducting calculations that are hard to be achieved experimentally via selecting the 
proper methodology. Density functional theory (DFT) is an effective and efficient approach 
emerged to solve many body problems and to calculate the electronic structure.  Ab initio 
atomistic thermodynamics find direct applications of materials at realistic operational 
conditions.  In this chapter, I briefly summarize the theories behind the development of these 
tools, followed by a terse picture of the implemented computer codes within the framework of 
this thesis (i.e., DMol3, VASP, and CASTEP codes). From another prospect, characterization 
facilities including XRD, XPS, FESEM, UV_vis, and FTIR hold great advantages in providing 
insightful information about crystalline phases, surface chemistry, and morphologies, etc.  
Therefore, I’ll concisely look at the principal concepts of those tools.  Figure 3.1 displays the 






















3.2 Theoretical Section 
3.2.1 Schrödinger Equation 
In 1926, Erwin Schrödinger attempts to describe the “matter waves” behaviour, when 
employed de Broglie's relations to describe plane waves.  Afterward, the most general form of 
the famous equation named as Schrödinger equation has been emerged [243].  According to 
quantum mechanics, the well-known time-dependent (non-relativistic) Schrödinger equation 
can be written as: 
−ℏ2
2𝑚
(∇2 + 𝑉(𝑟, 𝑡))𝜓(𝑟, 𝑡) = −𝑖ℏ
𝜕
𝜕𝑡
𝜓(𝑟, 𝑡)                                           3.1 
Where, ħ represents reduced Planck’s constant (1.05457  10-34 J/s-1),  𝑚 refers to  the mass of 
the particle, ∇2 signifies Laplacian operator  (kinetic energy of the system), 𝑉(𝒓,𝑡) indicates to 
the potential energy of the system in which the particle is moving, 𝜓(𝒓,𝑡) corresponds to the 
wave function of the system, 𝑖 denotes imaginary number, −𝑖ħ 
𝜕
𝜕𝑡
 symbolizes the energy 
operator; 𝒓 stands for position vector; 𝑡 designates time.  The equation above resembles an 




These two unknown quantities must be figured out to simultaneously satisfy equation 3.1  
Planck’s constant is a quantised angular momentum.  Its existence in any equation suggests 
that this equation is subjected to quantum mechanics effect.  
The operator on the left hand of the Eq. (3.1) can be given according to the partial differential 










)                                  3.2 
By solving the Schrödinger equation, the energy of the system and many other properties can 
easily be obtained.  Equation 3.1 can be re-formulated to not include the time (i.e. the time-
independent version of Schrödinger equation) can be written as; 
 𝐻𝜑(𝑟) = 𝐸𝜑(𝑟)                     3.3                          
Where 𝜑(𝑟) refers to wave function (i.e. wave function of many-body system), E denotes the 
total energy of the system and ?̂? is the Hamiltonian operator for a molecular system which 





The Hamiltonian operator can be formulated as; 




(∇2 + 𝑉)                                               3.5 
For many body problem, the kinetic energy operator ?̂?, is the summation of 𝛻2for all particles 



















2)𝑘          3.7 
















)𝐼𝑖𝐽<𝐼𝐼𝑗<𝑖𝑖 ]     3.8 
Herein, e and Z correspond to electron charge and nucleus charge of Ze (Z is the atomic 
number), respectively. Δrij denotes the distance between two pair of electrons and ΔRIJ states 
to the distance between two nuclei.  The first term in Eq. 3.8 describes electron-electron 




























𝐼≠𝐽    3.9 
With 𝑚 and  𝑀𝐼 represent the electron mass and nuclei mass, respectively.  𝑟𝑖 and 𝑅𝐼 designate 
the positions of electron and nuclei. The charges of electron and nuclei are indicated to be e 
and  𝑍𝐼  correspondingly.  The equation above refers to the Hamiltonian operator for the 
molecular system.  Due to the electron-electron repulsion term in the equation above, the 
limitation of Schrödinger equation is that it can be solved and applied exactly only for the 
simplest cases, i.e. hydrogen (H) atom, however, an accurate wave function needs to be applied 
for atoms such as (helium and lithium).  However, for the many-body problem, approximations 
or numerical calculations must be implemented in atoms of higher atomic number[244].  





It is mainly used by physicists working on condensed systems, solid state physics, quantum 
chemistry and nanotechnology. In fact, the publications conducted using DFT has gained an 
increasing interest since last three decades.  Various material properties and purposes can be 
addressed spanning from electronic structure to catalytic activity.  DFT deals with the electron 
density 𝜌(𝑟) that can be measured experimentally. Implying that, ground-state properties (i.e. 
𝑇 = 0𝐾  , 𝑃 = 0)  and in particular the ground-state energy as a functional of the electron 
density in order to evaluate different electron properties of the molecule. By using this method, 
it becomes easy to calculate the ground state properties of many body systems, such 
calculations can be performed for atomic, molecular and crystal structures. Moreover, for an 
𝑁 electron system, the wave function depends on 3𝑁 coordinates whereas electron density 
𝜌(𝑟) depends only on 3 coordinates.  The attractive feature is that it converts the many-body 
system into a system of non-interacting fermions in an effective field.  In addition to consuming 
much less time in calculating various properties of complex systems compared to other 
Quantum Mechanics methods which are predominant in the case of small clusters of atoms.  
Within the framework of DFT, there are two ways of calculating ground-state properties by 
employing either time-independent DFT or the time-dependent TDDFT.  A major component 
in successful DFT calculations is the selection of the optimal approximation for the exchange-
correlation functional which arises from the Kohn-Sham approach.  Therefore, Schrodinger 
equation should be solved to get the wave functions of the system [245].  The first formulated 
Model in which the total energy of a system is described by its electron density are described 
mathematically by Thomas and Fermi [246]. 
 
3.2.3 Density Functional Theory with Dispersion Correction (DFT-D) 
 
Non-bonded interactions such as dispersion van der Waals (vdW), is of vital importance in 
assessing the structure and stability of various systems including adsorption of molecules on 
surfaces, however, computational modelling of those interactions is not an easy task. Presently, 
high-level quantum-chemical wave functions and approximations are required for proper 
prediction of vdW interactions. While, the correct long-range interaction tail (for example for 
separated molecules) is absent from all popular corrected exchange-correlation (XC) functional 
of DFT such as, local-density approximation (LDA), generalized gradient approximation 
(GGA) and the Hartree-Fock (HF) approximation which underestimate to correctly describe 




the aforementioned approximations to consider the long-range correlation interactions, density 
functional methods are anticipated to significantly miscalculate the interaction energies for 
molecules on graphitic surfaces.  In recent years, several hybrid semi-empirical approaches that 
provide the best combination between the cost of first principles evaluation of the dispersion 
terms and the need to improve non-bonding interactions in the standard DFT description have 
been introduced.  The state of the art in the semi-empirical correction methods is represented 
by the dispersion correction have been proposed by Grimme (G06) [248], Jurecka et al.[249]. 
Ortmann, Bechstedt, and Schmidt (OBS)[250], and Tkatchenko and Scheffler (TS) [251]. 
 
3.2.4 Ground State Properties Predictions of Materials at 0K via DFT 
 
DFT plays a powerful role in determining the ground state properties of a material via solving 
the fundamental equations of quantum mechanics in an effective mode.  It allows for dealing 
with unit cells comprising up to 1000 atoms, which opens the opportunity to deal with bulk, 
surfaces, alloys, and lattice defects by computer [252, 253].  In regard to the bulk properties of 
a material, the initial task when performing DFT calculations is to achieve the lowest energy 
configuration by approaching a proper methodology.  In the present section, special attention 
is paid on mechanical properties of periodic systems. The study of elasticity of transition metal 
nitrides has attracted spatial interest in materials science, solid state physics and chemistry 
[254].  It describes the macroscopic response of crystals to external forces and directly relates 
to hardness and strength of materials.  Symmetry plays an important role in determining the 
number of elastic constants needed to describe the elastic response of crystalline materials. 
Usually, cubic crystals require three elastic constants:  𝐶11 ,𝐶12  and𝐶44 . Hexagonal crystals 
require five and trigonal and tetragonal crystals require six or seven depending on the point 
group. Orthorhombic crystals require nine constants and monoclinic crystals require thirteen 
[255].  Elastic modulus is the ratio of the stress and strain in the elastic region where the strain 
increases linearly with stress. If the material is subjected to elastic deformation, the material 
will return to the original dimension once the applied load is removed. The mechanical 
properties of most solids and alloys under hydrostatic pressure provide valuable information 
about the binding characteristic between adjacent atomic.  Based on Ab initio molecular 
dynamics, elastic constants are calculated for single crystals using the Reuss and Voigt 




four of this thesis will comprehensively describe the governing equations, however, some 
important relations to calculate mechanical properties are shown in the equations below;  
𝐵 =  𝐵𝑉 = 𝐵𝑅 =  
1
3
(𝐶11 + 2𝐶12)                             3.10
  
Shear modulus 𝐺 =
𝐺𝑉+𝐺𝑅
2
                        3.11
    
Where    𝐺𝑉 =
(𝐶11+𝐶12+3𝐶44)
5
       and        𝐺𝑅 =
5(𝐶11−𝐶12)𝐶44
4𝐶44+3(𝐶11−𝐶12)
  represent Voigt and  Reuss 
approaches, respectively. 
Young modulus 𝐸 =
9𝐵𝐺
3𝐵+𝐺
                   3.12 
  Poisson's ratio  𝑣 =
3𝐵−2𝐺
2(3𝐵+𝐺)
                   3.13 
Anisotropy ratio 𝐴 =
2𝐶44
𝐶11−𝐶12
                   3.14 
 
3.2.5 Ab initio Atomistic Thermodynamics and Phase Stability Diagram 
 
In material science and engineering, multiscale simulation of material properties has emerged 
as one of the outstanding challenges.  It is well-known that DFT calculations are performed at 
T = 0 K and P = 0 kPa, however, in reality, materials experience harsh environment (i.e. high 
pressure and temperature).  Under these operational conditions, a material might exhibit 
various characteristics. To this end, knowledge of macroscopic scale of material based on 
microscopic analysis necessitates covering a very broad range of time and length scales (i.e. at 
each length and time-scale, well-established and efficient computational approaches are 
required) [257]. 
In this thesis, the Ab initio atomistic thermodynamics approach is implemented. Detailed 
accounts relevant to this approach is found on literature [258, 259].  A brief discussion will be 
presented focusing mostly on the main equations. In one-component gas phase and at a certain 
temperature and pressure, 𝛾(𝑇, 𝑃) surface free energies linearly relay on the chemical potential 








[𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑃, 𝑁𝑀, 𝑁𝑁) − 𝑁𝑀𝐸𝑀𝑁
𝑏𝑢𝑙𝑘 − (𝑁𝑁 − 𝑁𝑀)𝜇𝑁(𝑇, 𝑃)]                       3.15 
 
According to the above formula, the surface Gibbs free energy at a given temperature and 
pressure, γ (T, P) alters with the chemical potential of nitrogen.  In the above formula, 
𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑃, 𝑁𝑀, 𝑁𝑁) denotes the energy of the studied surface, 𝑁𝑀, 𝑁𝑁 stand for the number of 
metallic and non-metallic atoms in the slab, respectively.  𝐸𝑀𝑁
𝑏𝑢𝑙𝑘 refers to the energy of bulk 
compound per formula unit and 𝜇𝑁(𝑇, 𝑃) denotes to the chemical potential of nitrogen. The 
chemical potential of nitrogen is calculated based on; 
𝜇𝑁(𝑇, 𝑃) = ∆𝜇𝑁(𝑇, 𝑃) +
1
2
𝐸𝑁2               3.16 
The change in chemical potential of nitrogen ∆𝜇𝑁(𝑇, 𝑃) is extracted from thermodynamic 
NIST tables[260].      
                         
3.2.6 Quasi-Harmonic Approximation (QHA) 
 
Recently, application of DFT calculations in materials science has greatly expanded owing to 
the development of high-performance computers and the emerging of an accurate and DFT 
codes, a large set of first principles calculations are now practical with the precision comparable 
to experiments using ordinary computers. Results from DFT calculations, describe electronic 
structure, energy, and the force on each atom in a system.   In crystals, it is assumed that atoms 
travel around their equilibrium positions with displacements [261].  In solid state physics, the 
quasi-harmonic approximation (QHA) is a phonon-based model that illustrates the volume-
dependent thermal effects, such as the thermal expansion. It assumes that the harmonic 
approximation holds for every value of the lattice constant (i.e. the harmonic approximation is 
applied at each volume) [262, 263]. For the solid phase, the Helmholtz free energy at 
equilibrium lattice volume V and temperature T is usually  describes as [264, 265]; 
𝐹(𝑉, 𝑇) = 𝐸𝐶 (𝑉) + 𝐹𝑣𝑖𝑏(𝑣, 𝑡) + 𝐹𝐸𝑙𝑒(𝑉, 𝑇)               3.17 
Where 𝑉 refers to the volume, 𝑇  denotes the temperature, 𝐸𝐶 (𝑉) corresponds to the static 




energy, 𝐹𝐸𝑙𝑒(V, T) describes the thermal electronic contribution to free energy. The Helmholtz 
energy is commonly used for systems held at constant volume. Different thermodynamic 
properties as the relationship between volume and temperature, heat capacity at constant 
pressure, and thermal extension coefficients can be obtained. Using phonopy results of thermal 
properties, thermal expansion and heat capacity at constant pressure can be calculated under 
the (QHA) collects the values at volumes and transforms into the thermal properties at constant 
pressures and/or temperatures.  The procedure is based on the small displacement method, and 
can be used in combination with any program capable to calculate forces on the atoms of the 
crystal[266]. 
 
3.2.7 Transition State Predictions 
 
The capability of solid surfaces to form and split bonds in molecules, from the atmospheres, is 
the basis for the phenomenon of heterogeneous catalysis. Transition state determinations 
provide an insight into the nature of chemical reactions. However, the conversion of the 
reactants into products, leave behind some changes on the product geometry, including, the 
length or an angle or a combination of angles and/or bond lengths. Starting from the reactants, 
the energy increases relevant to the catalytic performance of various compounds. It has been 
observed that only trivial portion of collisions produce a reaction.  The amount of energy 
required for a chemical reaction to commence is known as the activation energy. Furthermore, 
the geometry equivalent to this energy is called the transition state geometry.  If the added 
energy was not enough to the reactants to approach the energy barrier, it is impossible for the 
reaction to proceed.  Along the reaction pathway, transition state structures play a crucial role 
in understanding and designing chemical reactions.  It is of significant to locate the transition 
state configuration and energy at other stationary points (reactants and products) since it allows 
attaining thermochemical and kinetic factors. A schematic diagram for the potential energy 
surface is shown in Figure 3.2. 
Transition state theory (TST) was first established in 1935 by Eyring [267]. Via TST 
approaches, the challenges of calculating a reaction rate for a hardly happening elementary 
reaction by dividing space into two lowest energy states termed as, the initial state (IS) and the 
final state (FS).  The reactant region (IS) describes the general region in which the system can 




of the elementary reaction in question. The border between the two regions shows the transition 









Figure  3.2: Potential energy as a function of reaction coordination. 
 
Moreover, the reaction rate constant in the present study is calculated within the framework of 
transition state theory (TST) [268].  This theory is first developed in 1935, it reports that there 
are three kinds of treatments; (1) thermodynamic treatments, (2) kinetic-theory treatments, and 
(3) statistical-mechanical treatments.  The TST proposes that there is a thermodynamic 
equilibrium between the reactants and the transition structure and the rate of the reaction is 
proportional to the concentration of particles in the activated complex state or the transition 
state.  The transition state geometries (TSs) were obtained by a combination of  the linear 
synchronous and quadratic synchronous transit LST/QST methods[269]. Nowadays, the 
influence of temperature on the rates of chemical reactions is almost always interpreted in terms 
of what is now known as the Arrhenius equation.  According to this, a rate constant k is the 
product of a pre- exponential “frequency” factor A and an exponential term [270].  In another 
expression, the reaction rate constant in the TST can be calculated via vibrational frequencies 
yielding activation enthalpies and entropies as a function of selected temperatures between 
reactants and products based on the formula: 𝑘 (𝑇)  =  𝐴 𝑒𝑥𝑝 (−𝐸𝑎 / 𝑅𝑇). Where, Arrhenius 




constants, 𝑘(𝑇)  with the inverse of temperature (1/T). Figure 3.3 presents computational 















Figure 3.3: Computational simulation flowchart using DFT. 
 
3.2.8 Codes Supporting DFT 
 
Owing to the high performance computers and developing precise and efficient computational 
modelling approximations, computer codes have witnessed rapid developments resulted in 
releasing  an array of various packages such as ABINIT[271], Quantum Espresso [272], 
Amsterdam Density Functional (ADF)[273], Gaussian,  DMol3[274], Crystal14 [275], 




Linux, and Mac. In this thesis, we are focusing on the software probably used to perform the 
modeling in this work which is DMol3, VASP, CASTEP, and PHONOPY. 
3.2.8.1 DMol3 
 
DMol3[278] is a DFT-based modeling program, to simulate chemical processes and  model the 
electronic structure and energetics of a broad range of systems such as, organic and inorganic 
molecules, crystals (i.e. 3D periodic structures), solids, and surfaces. DMol3 can achieve 
number of calculations and tasks hastily and precisely including, single-point energy 
calculation, geometry optimization, elastic constants calculations, spin-restricted and 
unrestricted calculations, molecular dynamics, transition-state optimization/search, a reaction 
path, reaction kinetics. Furthermore, DMol3 also able to predict various properties of chemical 
reaction for instance, heats of reaction, energy barriers, bond orders, charges, and adsorption 
energies. 
Several functionals have been implemented in DMol3, that are; 
1-Local functionals; the specific local functionals provided in DMol3 are the VWN [279] and 
PWC [280]. 
2-Gradient-corrected functionals (GGA); those non-local functionals offer a considerable 
increase in the accuracy of predicted energies and structures, but with further computation time.   
Examples of the most popular non-local functionals involved in DMol3 package are;  
Perdew-Wang generalized-gradient approximation (PW91) [280]. BP Becke exchange plus 
Perdew correlation (BP)[280, 281]. Perdew-Burke-Ernzerhof correlation Perdew (PBE) [282].  
Revised PBE functional (RPBE) [283].  PBE functional optimized for solids (PBEsol) [284]. 
Hamprecht, Cohen, Tozer and Handy functional Boese and Handy (HCTH) [285]. Becke 
exchange plus Lee-Yang-Parr correlation (BLYP) [281, 286]. 
3-Hybrid functionals are supported by DMol3; for example, the B3LYP functional attempts to 
improve the exchange-correlation energy functional by combining a portion of exact exchange 
from Hartree-Fock theory along with exchange and correlation contributions from other, 
mainly local functionals [287, 288]. 




• All electrons: is a term used to reflect considering all electrons in the calculations; i.e., 
valence and core electrons are treated equally. (no special treatment of cores electrons).  
• Effective core potentials (ECP): substitutes core electrons by a single effective 
potential, reducing the computational cost. ECPs introduce some degree of relativistic 
correction into the core [289, 290]. 
• All electrons relativistic: comprise all electrons explicitly and introduce some 
relativistic effects into the core. (i.e. the most accurate and the most computationally 
expensive option). 
• DFT Semi-core Pseudopots (DSPP): replaces core electrons by a single effective 
potential, reducing the computational cost. DSPPs introduce some degree of relativistic 
correction into the core [291].  
DMol3 uses a localized numeric basis sets to describe the atomic orbital basis set that will be 
used in the calculation. In terms of accuracy and rapidly, they span from low accuracy and fast 
computation time to high accuracy but expensive computation, minimal basis set (MIN), 
double numerical (DN), double numerical plus d-functions (DND), double numerical plus 
polarization (DNP) and triple numerical plus polarization (TNP) where additional polarization 
functions are applied over the DNP basis set. Furthermore, three sets of dispersion correction 
methods (DFT-D) are considered in DMol3, namely, TS, Grimme, and OBS. 
3.2.8.2 VASP 
  
VASP (Vienna Ab-initio Simulation Package)[292] is one of the popular simulation codes a 
package for performing Ab-initio quantum mechanical calculations using pseudopotentials (all-
electron strategies are permitted) and a plane wave basis set. This code deals with a variety of 
systems including, zero-dimensional (molecules), one-dimensional (polymers), two-
dimensional (slabs), and three-dimensional (3D; crystals). Electronic structure and energy 
calculations from the first principle can be achieved.  In addition, a diversity of density 
functionals is available, such as, Hartree–Fock. Furthermore, a very efficient implementation 
of global hybrids, such as popular B3LYP and PBE0 treatments, allows for such calculations 








CASTEP stands for Cambridge Serial Total Energy Package, this code is designed and written 
to meet both academic and commercial requirements [276, 293]. Electronic minimisation of 
crystalline solids, surfaces, molecules, liquids and amorphous materials can be performed via 
implementing density functional theory (DFT) calculations together with choosing a proper 
plane wave basis set. This code allows for utilizing exchange and correlation effects in electron- 
electron interactions via either the local density or generalized gradient approximations, (LDA) 
and (GGA), accordingly. Furthermore, CASTEP can efficiently envisage various properties 
including lattice parameters, elastic constants, band-structures, density-of-states, charge 




Phonopy is an open source code implementing number of thermodynamic relations combined 
with (QHA) to evaluate thermal spectra of materials, including, the linear thermal expansion 
coefficient, constant volume heat capacity CV, constant pressure heat capacity CP, entropy S, 
etc.  This code can handle force constants obtained by density functional perturbation theory 
(DFPT) from VASP outputs to compute the vibrational frequencies.  Phonon properties with 
essential governed equations are described in Ref.[294].  Figure 3.4 shows the capability of 





Figure 3.4: A typical thermal properties computed via Phonopy code[294]. 
 
3.3 Experimental Section 
 
3.3.1 Sample Preparation by Magon Sputtering System 
 
Physical vapour deposition (PVD) represents one of the key vacuum deposition technologies 
utilised nowadays to fabricate high quality and uniform films.  PVD-based techniques tolerate 
depositing wide range of materials including metals, alloys, ceramic, and polymers onto 
various substrates such as glass, silicon, stainless steel, etc. Typically, to enable the deposition 
process to take place successfully, a high vacuum of about 10-2-10-4 millibar and temperature 
of 150 to 500 ºC are required.  Sputtering is the most widely employed method to fabricate 
high quality and adherent coatings. Sputtering process initiates by glowing discharge plasma 
that generates energetic ions and momentum transfer between the ions and atoms in the 
material.  Mainly, when atoms are knocked from a target (cathode), after being bombard with 
energetic particles (i.e. ions) [88, 227, 295].  However, it proceeds when the desired surface 
(substrate) to be coated is placed in a vacuum chamber containing an inert gas (i.e. Ar+ as 
working gas).  Then, negative charge is applied to a target source material that will be deposited 




bombardment process causes the removal of target’s atoms, which will condense on a substrate 
as a thin film [228, 229, 296].  Secondary electrons are also emitted from the target surface as 
a result of the ion bombardment. These electrons are involved in this process by maintaining 
the plasma.  In brief,  the  incorporation  of  plasma technique  with  sputtering  method,  greatly 
enhances  the  formation  of  the films  at  early  stages of condensation  and  nucleation [297].  
To enrich the sputtering process, a magnetic field configuration positioned in a way that the 
plasma can be confined in front of the target.  This technique is called magnetron sputtering.  
The word magnetron implies that the targets are placed in a magnetic field to avoid the loss of 
electrons in the plasma.  As a result, the produced magnetic field traps the electrons in the 
plasma (i.e. plasma whose electrons are confined by magnetic fields), in a region between the 
target and the substrate, and hence the Ar+ ions could be more efficiently ionised.  This permits 
working at low gas pressures and low target voltages [298]. Window and Savvides [299, 300] 
investigated the effect of varying the magnetic arrangement in a conventional magnetron by 
reinforcing the outer ring of magnets relative to the central pole. In this case, some electrons in 
the plasma were no longer trapped to the target zone but were able to track the magnetic field 
lines and flow out towards the substrate. Consequently, ion bombardment at the substrate was 
increased followed by improving the coating structure. By applying the unbalanced magnetron 
arrangements, high quality coatings can be successfully deposited because of transporting high 
ion currents to the substrate [301].  
In this thesis, the UDP650 closed field unbalanced magnetron sputtering (Teer Coatings Ltd, 
UK) facility installed at the City University of Hong Kong was utilised to deposit Cr-Mo-N 
coatings studied in this thesis. Cr-Mo-N coatings were deposited onto Si (100). Two elemental 
Cr and one elemental Mo have been deployed as target materials. The recorded background 
pressure prior to coating before the deposition process and working gas pressure during 
sputtering were set at 4 ×10-4 Pa and 0.15 Pa, respectively.  Ar (99.999 %) is used as working 
gas for sputtering and the flow rate is fixed at 50 sccm and N2 (99.999 %) is used as reactive 
gas to form nitrides fixed at 60 sccm.  Optical emission monitor (OEM) is used to control 








3.3.2 Characterization Techniques 
 
The main characterization techniques that interest us in this dissertation are shown below; 
 
Figure 3.5: The characterisation techniques that used in this thesis. 
 
3.3.2.1 X-ray Diffraction (XRD) 
 
XRD is one of the fundamental and most popular characterization techniques widely deployed 
for  the phase identification and determination of lattice parameters of a crystalline material 
[302]. Generally, the principle that governs this non-destructive instrument is constructive 
interference of monochromatic scattered X-ray beam with an incident angle (θ) and wavelength 
(λ) and a crystalline material.  This interference proceeds when the X-ray beam hitting the 
crystalline material resulted in generating XRD pattern[303, 304].   
It is well known that Bragg’s law links the wavelength of electromagnetic radiation with the 
diffraction angle and the lattice spacing in a crystalline material. The angle between the incident 
and diffracted ray, however, plays distinctive role in diffraction-based methods. When 
conditions satisfy the criteria of Bragg's Law (nλ=2d sin θ), where n symbolizes an integer 
number, λ denotes the wavelength of the incident X-ray radiation, d represents the inter-planar 
distance (d-spacing) and θ signifies the angle between the incident radiation and the surface of 
the specimen which is also called (Bragg’s angle). The interaction of the incident X-ray beam 




detected.  Moreover, when scanning the crystalline material within a range of 2θ, all possible 
diffraction orientations of the lattice can be detected. Converting the diffraction peaks to d-
spacings permits the identification of the crystal because each crystal has a set of unique d-
spacings [305]. 
In this dissertation, powder diffraction XRD, Bruker AXS D8 Advance, Germany, installed at 
Curtin University of Technology as shown in Figure 3.6, has been utilised to perform XRD 
measurements.  The wavelength was determined by LynxEye detector with a Cu-Kα radiation 
source for rapid detection.  The operating voltage and current were fixed at of 40 kV and 40mA, 
accordingly.  The scan parameters used for phase identification such as, scan range 2θ (degree) 
extending 7.5 – 90, step size (degree) of 0.015, and 0.2 s was the interval time per each step.  
Collected crystalline phases were identified by using the Search/Match algorithm, 
DIFFRAC.EVA 3.2 (Bruker-AXS, Germany) to search the Powder Diffraction File. The 
software is linked to the ICDD crystallographic database Powder Diffraction File (PDF4+ 2016 
edition) identified by matching the diffraction peaks with data reported in ICDD. 
From the collected XRD data and based on the Debye-Scherrer equation[303], the crystallite 
size of the film at the reflection plane that exhibits the highest intensity can be determined from 




                                                                                                                      3.18 
where, k refers to Scherrer constant that depends on the crystal’s shape (in our films, k = 0.90), 
β corresponds to full width at half maximum (FWHM) of Bragg peak and λ signifies 





Figure 3.6: Powder diffraction X-ray diffraction (XRD), Bruker AXS D8 Advance. 
 
3.3.2.2 X-ray photoelectron spectroscopy (XPS) 
 
XPS is a key surface analysis technique, mainly implemented to determine chemical bonding 
state, elemental composition of the scanned sample such as oxidation state and provide 
information about elements that involved in the sample’s surfaces.  In XPS measurements, the 
sample is located in a high vacuum environment and the beam of low-energy X-ray irradiates 
the sample and produces photo-ionization. The energy of the ejected photoelectrons is a 
function of its binding energy and is characteristic of the element from which it was 
emitted[306].  Basically, when a high energy photon (such as in the X-ray range) inelastically 
collides with an atom, the atom is converted into an excited state. Such a state is not stable and 
an atom spontaneously de-excites losing the excess energy.  This de-excitation can take place 
in several ways, one of which is the emission of an electron (in this effect known as a 




Herein, Kratos Axis Ultra DLD XPS spectrometer (Manchester, UK) operated with an Al-Kα 
monochromatic radiation Al (photon energy = 1486.6 eV) source has been utilised. The XPS 
machine was operated at a power of ~10 mA and ~15 kV and equipped with a cold stage, and 
an Ar ion gun for etching the coatings is shown in the following Figure 3.7. The X-rays irradiate 
the sample at an incidence angle of about 45°.  The analysis chamber was set at a uniform 




Figure 3.7: Kratos Axis Ultra DLD XPS spectrometer. 
 
 
3.3.2.3 Field Emission Scanning electron microscope (FESEM) 
 
Field emission scanning electron microscopy (FESEM) is a technique employed to image and 
investigates the morphological and topographical features of coating materials which provides 




materials. This instrument functions with relatively low applied voltages and small working 
spaces.  A field emission source in FESEM instrument ejects the so- called primary electrons, 
in elevated vacuum column, and targets the selected material. In addition, the electrons are 
undergone to acceleration process via applying an intensive electrical field component. In order 
for the primary electrons to be in a narrow beam concentrating and hitting the studied object, 
electronic lenses are installed to achieve this aim. The electron bombardment of the material 
will result in emitting secondary electrons that would be captured or detected by a detector 
equipped for this purpose. This detector in turn will produce a signal that is going to be 
subsequently amplified and converted to a video scan-image providing good characteristic 
information about the morphologies and topographies [307, 308]. 
 
3.3.2.4 Ultraviolet–visible spectroscopy (UV-vis) 
 
Ultra violet visible spectroscopy (UV-vis) is a tool utilized to shed light on the optical 
properties of a solid in the ultra violet visible range of the electromagnets spectrum such as, 
reflectance, absorptance, and transmittance. Data obtained from UV-vis spectroscopy is useful 
to estimate the solar selectivity of a material used in solar panel applications for instance. 
Furthermore, the transmittance data derived by UV-vis are utilized in electrochemical 





Figure 3.8: UV-vis machine. 
 
3.3.2.5 Fourier-transform infrared spectroscopy (FTIR) 
 
Fourier-transform infrared spectroscopy (FTIR) is an important technique deployed to survey 
the optical properties such as the emittance for a material in deferent phases, solid, liquid and 
gas.  It must be mentioned that FTIR provides information about the chemical groups present 
in the material as these functional groups are bonded by energy values reside in the range of 
infrared wave length.  In this technique, a source emits a broad infrared range of electron 
frequency of infrared on the material. Then, FTIR measures the amount of energy being 
absorbed by the material or determines those specific wave lengths resulting in exploring the 
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This chapter aims to investigate volume-dependent thermal and mechanical properties of the 
two most studied phases of molybdenum nitride (c-MoN and h-MoN) by means of the quasi-
harmonic approximation approach (QHA) via first principles calculations up to their melting 
point and a pressure of 12 GPa. Lattice constants, band gaps, and bulk modulus at 0 K match 
corresponding experimental measurements well. Calculated Bader’s charges indicate that Mo–
N bonds exhibit a more ionic nature in the cubic MoN phase. Based on estimated Gibbs free 
energies, the cubic phase presents thermodynamic stability higher than that detected for 
hexagonal, with no phase transition observed in the selected T–P conditions as detected 
experimentally. The elastic stiffness coefficients of MoN in hexagonal structure revealed that 
it is stable elastically; in contrast to the cubic structure. The temperature dependence on the 
bulk modulus is more profound on the dense cubic phase than on the hexagonal phase. Overall, 
the two considered structures of molybdenum nitride display very minimal harmonic effects, 
evidenced by the slight variation of thermal and mechanical properties with the increase of 
pressure and temperature. The optical conductivity of both phases near a zero -photon energy 
coincides well with their metallic character inferred by their corresponding DOSs curves. It is 
expected that the thermo-elastic properties of saturated molybdenum nitrides reported in this 




Owing to an array of remarkable properties, molybdenum has been in the centre of a great deal 
of research as it constitutes the parent metal of various carbides, sulphides, and nitrides [311]. 
Of particular importance is molybdenum nitride which assumes direct and prominent 
applications in harsh operating media such as those encountered in turbine engines, cutting 
tools, and potent heterogeneous catalysts in many reactions such as, hydrodenitrogenation 
(HDN) [312]. Furthermore, molybdenum nitride displays high hardness (28 - 34 GPa) [313], 
high melting point (2023 K), superior chemical stability, and high superconducting transition 
temperature[314, 315]. The unit cell of bulk MoN belongs to five various stoichiometric and 
non-stoichiometric crystal structures. This includes a non-stoichiometric cubic NaCl structure 




octahedral sites, having one formula unit in a unit cell). Furthermore, a CsCl configuration and 
zinc blende ZB–oriented structure with space group of Pm3m and F43m, respectively. On the 
other hand, it also exhibits hexagonal structures, as disordered WC-like structure with the 
composition of 1-MoN and space group P6m2[316]. The stoichiometric 3-MoN adoptes NiAs 
structure along the space group P63mc.  This phase contains  eight formula units of MoN in 
which Mo atoms are arranged in a hexagonal-like structure while, N atoms occupy trigonal 
prismatic sites between Mo metallic planes [317].  
 
MoN composites have been fabricated via various deposition procedures such as direct current 
(DC) and radio frequency (RF) magnetron sputtering [318, 319] and through high temperature-
high pressure experiments.[317, 320] The growth of MoN by solid state techniques under 
ambient conditions resulted in a disordered tungsten carbide (WC) type structure 1-MoN 
[317]. Annealing at a temperature as high as 2500 C at a pressure of 5.6 GPa alter the WC 
structure from disordered to ordered nickel arsenide (NiAs) crystal structure, 3-MoN, in which 
lattice parameters a and c are doubled in reference to the original WC structure.  Although 
molybdenum displays low reactivity towards nitrogen, alloying with nitrogen leads to a harder 
and less compressible structure in reference to pure molybdenum [321].  Several experimental 
investigations have addressed the compressibility of such high hardness materials [317, 321-
325].  Bezinge et al. [74] reported no phase transition between hexagonal and cubic structures 
under high-pressure (i.e., 6 GPa) and high temperature (i.e., 1800 K). Measured and 
theoretically calculated bulk modulus of stoichiometric hexagonal 3-MoN phase are reported 
to be 345[317] and 379 GPa[316], respectively.  Analogous estimates for nonstoichiometric 
cubic MoN were found to be 304 GPa (experimental) [325] and 348 GPa (computational 
modelling)[326]. Apart from experiments, number of theoretical studies has aimed to elucidate 
both electronic and mechanical properties of various molybdenum nitride phases. For instance, 
a first-principles study showed that a high pressure of 84.5 GPa is required for a phase transition 
from WC to NaCl [327].  More recently, Liu and co-workers derived thermodynamic properties 
of WC type 1-MoN and NiAs type 3-MoN theortically under high pressure using a Debye 
model in which the dependency of heat capacity CV on temperatures was reported [328].  
Recent investigation by Zhou et al.[329] addressed mechanical and electronic properties of 




enquiry, the corresponding value obtained for the NbO-like structure of MoN amounts to 24.86 
GPa [330]. 
 
The applications always give a guideline for searching particular properties of materials which 
then pave the way toward tuning to the required specifications. However, most density 
functional theory (DFT) investigations are performed at 0 K, whereas applications of MoN-
based thin films proceed at elevated temperatures and pressures.  This calls for a through 
consideration of mechanical and thermal properties of such materials in a broad combination 
of temperatures and pressures.  Over the last decade, quasi-harmonic approximation (QHA) 
[331] has emerged as a powerful tool in extending the commonly obtained 0 K DFT-derived 
properties to any set of operational temperatures and pressures. The QHA formalism[332, 333] 
has been widely deployed to assess the thermal stability of naturally occurring materials at 
elevated temperatures and pressures encountered in geological reservoirs.  Molybdenum 
nitrides adopt various phases among which are the cubic and hexagonal forms of fully saturated 
MoN; with no vacant nitrogen lattice. Optical, structural and most importantly catalytic 
properties of MoN phases strongly rely on their atomic structures.  In this regard, c-MoN and 
3-MoN incur more hardness rendering them suitable candidates for applications related to 
harsh conditions as in cutting machinery.  In this study, we elect to consider the two 
stoichiometric configurations of MoN; namely c-MoN (cubic) and 3-MoN (hexagonal) 
phases. 
4.3 Computational details 
 
4.3.1 Structural optimisation 
All structural optimisation and energy calculations were done via the Vienna ab initio 
simulation package (VASP) [277] along with the Generalized gradient approximation (GGA) 
of Perdew and Wang PW91[334]. The interaction between the ion and electron is considered 
through implementing the projector augmented-wave method PAW [335] which combines the 
accuracy of all electrons method with the efficiency of pseudo-potentials.  The latter are 
numerically engineered entities mimicking the atomic nuclei and the core electrons.  The wave 
function of the valence electron is expanded by a plane wave basis with an energy cut off of 
600 eV.  Birllouin-zone integrations were performed using a Monk horst–Pack scheme [336] 




converged to less than 0.02 eV/Å and 10-5 eV, respectively.  It is well-known that plain DFT 
methods (such as LDA and GGA) suffers from fundamental shortcoming in predicting the 
correct band gap necessitating either hybrid DFT or DFT + U treatment.  However, pure DFT 
methods suffice to reproduce the metallic behaviour of the two considered MoN phases[337].  
4.3.2 Mechanical properties at 0 K 
 
The stress–strain method acquires reasonably accurate elastic constants that entail important 
information pertinent to the mechanical stability of the inorganic compounds [338]. Hook's law 
states that the elastic stiffness constants correlate with stress and strain tensors. Via applying a 
small strain to a relaxed structure, the linear elastic stiffness tensor can be easily determined by 
calculating the produced stress. Shang provides insightful description covering the second-
order elastic constants [339]. 
Within this formalism, the elastic stability of rock salt structure is attained when the three 
independent elastic constants Cij agree with the Born criteria [340]; C44  > 0,C11 >│C12│, and 
C11+  2C12 > 0. Whereas for hexagonal structure, there exists six symmetry elements to consider 
(C11, C12, C13, C33, C44, and C66); however, only five are independent because C66 = (C11-C12)/2.  
For NaCl and NiAs-oriented crystals, the polycrystalline bulk and shear modulus were 
calculated by strain-stress method as mentioned above and derived from the Voigt-Reuss-Hill 
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                                          4.4 
Here, Bc, Gc, Bh, and Gh stand for bulk, Shear moduli for cubic and hexagonal, in that order. 
Descriptions of formulas dictating other quantities as Young's modulus Y, Poisson's ratio ν 
anisotropy A (i.e, a measure of the material's resistance to microcrack) [344] and Vickers 
hardness (  Hv = 0.92 k 





4.3.3 QHA for thermo-elastic properties 
 
Constant-volume heat capacity (CV) and standard entropies (S) have been obtained via applying 
statistical thermodynamic relations on phonon dispersions for the equilibrium zero T and zero 
P lattice volume. The QHA yields T-dependent values of isobaric heat capacity (CP), thermal 
expansion coefficients (β) and bulk modulus (B). The QHA formalism treats phonons in solids 
as independent harmonic oscillators; i.e., a gas-phase representation.  Acquiring phonon 
frequencies enables to compute thermodynamic functions, from which all thermal properties 
could be obtained [114]. Description and derivations of the QHA is covered in great detail 
elsewhere [347]. Herein, only the basic governing equations are discussed.  For a solid lattice 
with vibrational frequencies ( )iv , the total free energy of the system (F) at a given temperature 
is expressed as: 








F T V U hv k T e= + + −        4.5 
In which UDFT signifies the static 0 K DFT energy.  Deriving eq. (5) with respect to volume 
and modifying the thermal pressure affords a natural combination for the effect of volume and 
pressure on thermal and elastic properties. The Phonopy code [348] executes QHA 
calculations. In the implementation of these computations, eleven volumes with displacements 
have been explicitly considered in the range of -5.0 % contractions to 5.0 % expansion on 
2×2×2 supercells comprising 64 atoms and 128 atoms in cubic and hexagonal MoN; 
respectively.  The convergence of computed thermodynamic properties with respect to the 
adapted supercell is covered in section 4.3.3.  The QHA has been widely recently deployed to 
derive thermo-mechanical properties of materials.  Our approach in this study is similar with 
the recent work by Erba et al. [349] in which they estimated a wide array of thermal and 
mechanical properties of alumina (Al2O3) up to its melting point.  
4.3.4 Optical properties 
 
  Understanding optical properties of a crystal leads to gain an insight into the electronic 
structure, band gap energy, and support the possible promising applications of the target 
materials, solar energy absorber for instance [350]. Therefore, we shall briefly summarize some 
of the optical features of molybdenum nitride in both scanned phases.  Here, the predicted 




the CASTEP code (Cambridge Serial Total Energy Package) [316, 351] installed in Material 
Studio (version 6.0) .  Estimated optical properties were obtained for optimised structures based 
in the methodology outlined in section 4.3.4. 
Through the interaction between photons and electrons, the optical properties can be illustrated 
with the aid of a dielectric tensor description.  The dielectric function relies on the frequency 
as equation 4.6 states that is obtained from the momentum matrix elements between occupied 
and unoccupied (excited) electronic states.  In regard to the real part ε1(ω), that is associated 
with electronic structure, it can be utilized to illustrate the linear response of the regime to 
electromagnetic radiation, which relates to the interaction of photons and electrons to obtain 
the optical band gap.  On the other hand, the imaginary component is proportional to the optical 
absorption spectrum of the material and is directly related to the density of state which in turn 
helps to explore the electronic structure of material.  
The real and imaginary components of dielectric tensor are given by: 
ε(ω)=ε1(ω)+iε2(ω)                                                                                             4.6          
                                                     
the real component of the dielectric function 1 is derived from the imaginary part and directly 
calculated by Kramers-Kroing transformation [352].  The expressions given in equations 4.7 
and 4.8 below represent real and imaginary components of dielectric function. These two 
components are given by: 














𝑐 |𝑘,𝑣,𝑐 𝑢. 𝑟|Ѱ𝑘
𝑣|2𝛿(𝐸𝑘
𝑐 − 𝐸𝑘
𝑣 − 𝐸)                                                4.8                     
Where Ω signifies the normalization volume,Ѱ𝑘
𝑐  and Ѱ𝑘
𝑣  are the conduction and valence band 
wave functions at wave vector k, respectively, u stands for the vector defining the polarization 
of the incident electric field, 𝜔 characterises the light frequency and e is the electronic charge.  
Finally, loss function signifies the energy loss of fast electrons passing between bands.  It can 










4.4 Results and discussion  
4.4.1 Structural properties 
Figure 4.1 portrays optimised structures for both considered phases.  
 
 
Figure 4.1: Sketched optimized unit cells (black line box): (A) c-MoN (cubic) with space group 
Fm3m and (B) δ3-MoN (hexagonal) space group P63mc. Molybdenum atoms are in cyan and 
N atoms are in blue.  
Table 4.1 lists the calculated and measured values of the lattice parameters, equilibrium molar 
volumes (per unit formula) and Bader charges [353]. Figure 4.2 shows energy versus volume 











Table 4.1: Optimized lattice parameters a (Å), and c (Å), molar volume (per formula unit in 
Å3), Mo–N bond distance (Å), and Bader’s charges (e). 
 c- MoN 
 
3 - MoN 
 
Space group Fm3m (225) 
 
P63mc (186) 
Atomic position Mo 0  0   0 
N  ½   ½  ½  
Mo  0    0     0 
N   1/3  2/3  ¼  
a (Å) 4.36,4.16a, 4.32b,4.32c 
 4.33d  
5.77, 5.74f, 5.73h,  
5.74e 
c (Å)                   - 
 







Mo-N bond distance(Å) 2.16 2.13 
 
Bader charges (electron) 
 
Mo     1.85 
N       -1.83 
Mo       1.27 
N         -1.27 
 
a Experiment [325] 
b US-PP method within GGA,Ref. [354] 
c VASP within GGA, Ref. [327] 
d CASTEP within GGA, Ref. [344] 
f  Experiment, Ref.[74] 
h CASTEP within GGA ,Ref.[328]. 
e  Experiment ,Ref.[355]. 
i  CASTEP within GGA ,Ref.[356]. 






Figure 4.2: Total energy with respect to volume (the lowest energy structure) for both 
structures. 
 Our computed lattice parameters for NaCl-like structure amounts to 4.363 Å and matches very 
well analogous experimental measurements [325] and theoretical calculations [327, 344, 354]. 
The obtained lattice constants of the NiAs-MoN hexagonal phase are also in a good agreement 




Figure 4.3 plots total and projected density of states DOSs for the two phases.  The non-
existence of a band gap in MoN is in accord with their well-documented behaviour as potent 
catalysts.  As Figure 4.3 reveals, the Mo-d orbitals contribute significantly to DOSs values at 
the Fermi level resulting in high contribution to the conducting nature of MoN whereas p 
electrons do not heavily participate at the Fermi level.  The valance band stretching between -
17 eV to – 15 eV is mainly composed of N-s orbitals.  Overall, our obtained DOSs curves and 
direct band gaps for the two phases coincide very well with other DFT accounts [316, 327, 344, 
356]. Finally, calculated Bader charges indicate stronger ionic/metallic bonds of Mo and N in 
the MoN and δ3-MoN, demonstrating electron transfer of 1.27 and 1.85 electron from each Mo 
to each N in c-MoN and δ3-MoN phases, respectively, which was also discussed and outlined 





Figure 4.3: The total and partial (DOSs) for both structures. 
4.4.2 Elastic stability at 0 K 
 
In order to evaluate the ductility and brittle nature of a material, the ratio of shear to bulk 
modulus (k) should be predicted.  According to Pugh [359], the ratio of shear to bulk modulus 




a largest k of 1.2, followed by cubic-BN which considered as the second super hard material in 
terms of hardness having k value around 1.0[360]. On the other side, the trends of Poisson’s 
ratio (v) towards k show reverse correlation.  Thus, hardness tends to diminish as ν increases.  
Our elastic parameters have been explored at 0 K and tabulated in Table 4.2. 
 It can be clearly seen that the calculated elastic stiffness coefficients do not agree with Born-
Huang criteria [361] implying that MoN with the rock salt structure is mechanically unstable 
towards elastic deformation.  These findings agree well with the other experimental and first-
principles studies.  For the hexagonal structure, it is noticed that it is mechanically stable due 
to the agreement of elastic stiffness coefficients (C11, C12, C13, C33, and C44) with the Born-
Huang criteria for stability fulfilling the conditions C12 > 0, C33 > 0, C66 = (C11-C12) > 0, C44 > 
0, and (C11 + C12)( 𝐶33
2 -2𝐶13
2 ) > 0. The Poisson’s ratio, anisotropy, and hardness are also 
significant to determine mechanical character of a crystal.  We concluded that the hexagonal 


















Table 4.2: Calculated independent elastic constants Cij (GPa), bulk modulus B (GPa), shear 
modulus G (GPa), Young modulus Y (GPa), Poisson’s ratio , anisotropy A, hardness H (GPa), 
compressibility K (1/GPa), and shear to bulk ratio (Pugh’s ratio k), Vickers hardness (HV) at 
zero temperature and pressure. 
 c-MoN 3-MoN 
 
C11 547, 551
a 633.3, 598a 
C12 239, 225
a 177.6, 201a 
C33 - 788.9, 807
a 
C44 -57, -49
a 227.8, 273a 
C13 - 247.4, 203
a 
B 341.8, 304h, 351.5b 377.8, 345g, 379.4b, 380c 
G 137, 124d 281.4, 216.8e 
Y 362.4, 328d 676.5, 533.5e 
ν 0.32, 0.25d 0.219, 0.230e 
K(1/B) 0.0029 0.0026, 0.00308e 
k 0.4 0.74 
Hv 10.5 35.6 
 
a CASTEP within GGA, Ref.[356] 
b CASTEP within GGA,Ref.[316]. 
c Experiment,Ref.[362]. 
d  VASP within GGA,Ref.[327]. 







4.4.3 Thermodynamic properties 
 
The QHA approach has been deployed on the Vinet’s equation of state to obtain thermo-elastic 
properties by computing E-V data and displacement of atoms. However, attaining convergences 
of predicted properties with the size of the implemented supercell is an important factor in 
assessing the reliability of the QHA-obtained results. Herein, thermodynamic calculations of 
3-MoN and c-MoN were performed on 2×2×2 supercells of both phases.  
The explored CV, CP and entropy S per formula unit of the two examined phases up to melting 
temperature (2030 K) and at zero pressure are presented in Figures 4.4 and 4.5, 
correspondingly. Results disclosed that at a studied temperature, CV and CP values of the NaCl 
structure were larger than that of their counterpart hexagonal phase as reported in Figure 4.4. 
Figure 4.6 illustrates CP of both structures as a function of temperature at selected pressures 0, 
6, and 12 GPa. It is notable that when T < 1000 K, values of CP grow strongly owing to the 
anharmonic approximation effects applied and any increase in the applied pressure translates 
into an increase in values of CP. On the other hand, at higher temperatures the anharmonic 
effect is rather suppressed resulting in almost unvarying values of CP with temperature  A 
similar behaviour has been observed by Seddik et al. [363] in their investigation of the effects 
of external temperature and pressures on thermodynamic properties and mechanical stability 











Figure 4.5: Standard entropies S with respect to temperature for both structures. 
In reference to the primitive unit cell of NaCl-MoN (i.e, 8 atoms with 4 formula units), we 
found that values of CP (at T = 300 K and P = 0), CV (at T = 300 K) and S (at T = 300 K) depart 
by only 0.47%, 0.9%, and 1.6%, respectively in reference to values computed based on the 
2×2×2 supercell (i.e., 64 atoms with 32 formula units). Matching convergence values have 
been obtained for the 3–MoN phase. This unequivocally indicates that QHA-calculated values 







Figure 4.6: Specific heat capacity CP as a function of temperature at three different pressures 
for both structures 
Figure 4.7 plots the difference in Gibbs free energies (per unit formula) between the cubic MoN 




cubic phase is in accord with the consensus of experimental and theoretical findings in the 
literature [364].  
 
Figure 4.7: The difference in Gibbs free energy with respect to the cubic phase. 
 
Figure 4.8 depicts values of linear thermal expansion coefficients β with varying pressure.  It 
is evident from Figure 4.8 that the effect of QHA on β values is more significant in case of c-
MoN where values steadily increase with temperature. Our analysis is in agreement with 






Figure 4.8: Dependence on temperature, up to 2023 K, and pressure, up to 12 GPa of the 
thermal expansion coefficient as computed at GGA level of approximation for 2 2 2 c-MoN 





Finally, Figure 4.9 shows the variation of bulk modulus (B) with T and P. As expected, the 
hardness of both phases decreases with temperature at a given pressure.  To the best of our 
knowledge, no available experimental data for molybdenum nitride exists, however, the work 
by Liu, et al. [328] provided a theoretical estimation. 
 





Figure 4.10 compares our calculatd CV values  with correponding Liu et al. [328] values.  As 
Figure 4.10 shows, values cacluated herein significantly underestimate predictions by Liu et 
al.[328].  The absence of any experimental CV values for the title material makes it very 
challenging to comment on the plausible source of significant deviation portrayed in Figure 
4.10.  It is worthwhile noting that Liu et al. [328] values were based on a deploying a Debye 
model while our values were obtained by utilisng the QHA approach.  It is very-well 
documented that the Debye model provide a rather curde estimation of thermochemical 
functions when contrasted with the QHA estimation [365].  
 
Figure 4.10: Heat capacity as a function of temperature of δ3-MoN at P = 0 with Liu’s work 
[328]. 
4.4.3. Optical properties 
The predicted dielectric function includes intraband effects from free electrons (conduction 
electrons contribution) and interband effects (from bound-electron contribution) that represent 
empirical Drude term and Lorentz oscillator respectively.  When calculating dielectric function, 
the contribution of those effects should be taking into consideration.  Figure 4.11 depicts energy 
dependent spectrum of the real and imaginary parts of the complex dielectric function as a 




valence band is located at 0.3 and 0.5 eV for δ3-MoN and c-MoN, respectively.  This highlights 
matching optical spectra of both cases.  
 




Figure 4.12 presents absorption coefficients for both crystalline phases. Knowledge of 
absorption coefficients plays a vital role in providing data pertinent to the most preferable solar 
energy conversion efficiency and indicates how far the light with a specific energy 
(wavelength) can penetrate into the material before being absorbed [366].  In other words, they 
refer to the decrease of light intensity spreading in unit distance in medium. Owing to their 
metallic nature (Figure 4.3), the absorption coefficients for both phases commence at 0 eV with 
a maximum peak occurring at 39 eV.   
 




Figure 4.13 illustrates the reflectivity spectra as a function of photon energy. The hexagonal 
structure spectrum has several peaks with the highest at ~12 eV. A predominant sharp peak in 
the cubic structure is located at ~ 20 eV.  The reflectivity is high in the visible-UV region from 
250 nm up to 800 nm which corresponds to 4.96 eV -1.55 eV.  
 




The reflective spectrum as a function of wave length (250-800 nm) is represented in Figure 
4.14. Obviously, the figure agreed reasonably with Koutsokeras et al. work [367]. Most 
notably, both approached the same behaviour in the range 450-600 nm.  
 
 
Figure 4.14: Reflectivity as a function of wavelength. The black line refers to this work while 
the orange one refers to experimental results [367]. 
Having considered dielectric constant, absorption and reflectivity, it is worth mentioning that 
the calculated conductivity spectrum σ starts at zero photon energy in accord with the metallic 
nature noted earlier. Additionally, the photon conductivity and hence electrical conductivity of 











Finally, refractive index n extinction coefficient k, and energy loss-functions, L are shown in 
Figures 4.16, and 4.17, respectively. From the electronic complex dielectric function, the 
energy loss spectrum of a fast electron traversing in the material is depicted in Figure 4.16. 
 




 It can be seen that the energy loss function spectrum comprises two predominant peaks in the 
two phases. The main peak in the spectra refers to the Plasmon peak, indicating the energy of 
collective excitation of the electronic charge density in the crystal.  
 







We outlined detailed analyses of the thermal, mechanical and optical properties of transition 
metal mononitride MoN. The ground state properties of both stoichiometric and non-
stoichiometric phases demonstrate good agreement with previous experimental and theoretical 
accounts.  The cubic fcc MoN structure exhibits thermodynamic stability and attain values of 
thermal expansion coefficients higher than the hexagonal δ3-MoN phase. However, according 
to the Born-Huang criteria, the hexagonal phase is harder and mechanically stable at 0 K in 
contrast to the cubic phase. Predicted reflectivity in the wavelength range of 250 - 800 nm was 
found to be greater than 60%, indicating promising potential for the utilisation of the films as 
antireflection coating applications. The plotted energy dependent spectrum of the real and 
imaginary parts shows that the considered two phases share matching optical properties. 
(DOSs) curves suggest that the chemical reactivity of the MoN materials is controlled by Mo-
d orbital. The highly cationic Mo atoms engender it as an active catalytic site for the adsorption 
of molecules with strong electronegative centres. Attained properties in this study should be 
instrumental to achieve a thorough understanding of the remarkable physical and chemical 
features of molybdenum nitride.  In a due course, we will carry out an analogous investigation 
pertinent to properties of unsaturated MoN (i.e., Mo2N).  Accruing thermo-mechanical 
information on all possible phases of MoN/Mo2N would enable to construct a stability phase 
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Motivated by the vital role played by transition metal nitride (TMN) composites in various 
industrial applications, the current study reports electronic properties, thermodynamic stability 
phase diagram, and vacancy formation energies of the plausible surfaces of NiAs and WC-type 
structures of δ3-MoN and δ-WN hexagonal phases, respectively. Low miller indices of various 
surface terminations of δ3-MoN and δ-WN namely, (100), (110), (111), and (001) have been 
considered. Initial cleaving of δ3-MoN bulk unit cell offers separate Mo and N terminations 
signified as δ3-MoN (100): Mo, δ3-MoN(100):N, δ3-MoN(111):Mo, δ3-MoN(111):Mo, and δ3-
MoN(001):Mo. However, the (110) plane reveals mix-truncated with both molybdenum and 
nitrogen atoms i.e. δ3-MoN (110): MoN. Likewise, the δ-WN faces incur analogous surface 
terminations. Ab initio atomistic thermodynamic analyses predict that, N-terminated (111) and 
(100) slabs to be the most energetically favourable surface terminations amongst the explored 
surfaces of δ3-MoN and δ-WN, respectively. Evidenced by plotted density of states DOSs, bulk 
and surfaces of δ3-MoN and δ-WN display a metallic character. In terms of surface relaxation 
and reconstructions, most investigated surfaces experience mainly downward displacements of 
their topmost layers. Most notably, the relaxed Mo-termination in (111) and (100) surfaces of 
δ3-MoN demonstrate significant reconstructions resulted in the first layer to be solely truncated 
with nitrogen atoms instead of molybdenum in the un-relaxed geometry. Nevertheless, no 
surface reconstruction has been noticed in most of considered δ-WN configurations. Calculated 
Bader’s electronic charges reveal charge transfer from Mo/W atoms to N atoms, largely 
retaining the ionic bond nature in their bulk phases. Finally, vacancy formation energy (VFE) 
calculations showed that introducing nitrogen vacancies through the surface is an endothermic 
process. Furthermore, the energy required to create a vacant cite in the inner layers differ than 
that needed in the outer layers.  Nitrogen terminated slabs for the most stable surfaces of Mo-
N and W-N systems hold the highest concentrations (i.e., at 300 K, MoN(100):N: +2VN and 
WN(100):N+2VN afford a concentration of 7.7 × 1019 cm-2  and 2.8×1017 cm-2, respectively. 
Results from this study should be useful when studying the activation of doubly and triply 








5.2 Introduction  
Being situated between carbon and oxygen in the periodic table, nitrogen-based compounds 
enjoy a combination of carbide and oxide properties. Binary nitride systems, in particular 
molybdenum and tungsten mononitrides find significant applications as diffusion barrier layers 
in integrated logic circuits, scratch protection coatings in cutting machineries, and recently as 
heterogeneous catalysts [3, 171, 368]. The unique properties of crystalline phases of 
molybdenum and tungsten nitride are attributed to the incorporation of nitrogen into the lattice 
of metal atoms (Mo and W).  This results in a  profound d-band electronic density of states 
DOSs at the Fermi level (high metal →N electron transfer)[4].  This in turn leads to having 
elevated melting point, high hardness, good thermal stability and chemical inertness (i.e., these 
materials are chemically inert at relatively low to medium temperatures) [3].  While profound 
d-band DOSs usually leads to high hardness, it has been shown that for rocksalt nitrides, high 
d-band DOSs leads to significant softening and even mechanical instability [164, 179, 369-
372]. 
Inspired by the pioneering work of Levy and Boudart, who reported that transition metal 
nitrides exhibit high catalytic activities resembling those of platinum catalysts (Group 
VIII)[16], interest in studying the chemistry of Mo and W mononitrides has been emerged. 
Based on various preparation methods, high surface area of molybdenum/tungsten nitrides can 
be synthesised via temperature-programmed reaction (TPR) technique[127, 129]. This reaction 
involves heat treatments of molybdenum trioxide MoO3 and WO3 thin films in the presence of 
ammonia NH3 flow. Several Mo and W-nitride phases can be fabricated depending on the 
reaction conditions such as the nature of the metals used (thin film or powder), the nature of 
the precursor[58] and temperature.  For instance, non-stoichiometric cubic γ-Mo2N belong to 
rocksalt-type structure with an interstices sites, these sites are partially filled with randomly 
distributed nitrogen atoms occupying the octahedral vacant sites of the close-packed metal 
lattices resulting in a face centered cubic (fcc) crystal structure [373]. This phase is well known 
to incur high mechanical instability due to having negative elastic stiffness coefficients C44 
[374].  
Furthermore, the fully stoichiometric metastable cubic B1-MoN phase has not yet been 
confirmed experimentally [375]. Hart and Klein stated that it is impossible to synthesis a 




Conversely, Inumaru et al. [69] fabricated stoichiometric and non-stoichiometric B1-MoN 
films on α-Al2O3 (001) and MgO (001) substrates at 973 K using pulsed laser deposition 
techniques. While, the stoichiometric phase of MoN is hard to synthesize, non-stoichiometric 
phases, nearing x=1, have been synthesized in plenty. In particular, both cation and anion 
vacancies of molybdenum and nitrogen being present such that the net ratio between the two 
varying from 0.6 - 1.25 have been synthesized [84, 94, 372, 377].  Another crystalline form 
known as a tetragonal β-Mo2N represents a low temperature phase with order distribution of 
nitrogen atoms with lattice parameters of  a = b = 4.210 Å and doubled c = 8.060 Å and a space 
group of I 41/a md:1 [378]. Besides, the stable, hard and incompressible form of Mo nitride is 
suggested to be a hexagonal phase δ3-MoN with NiAs- type structure and space group of 
P63/mc and a point group of 6m [379] that can be compared with diamond and c-BN in terms 
of hardness [67, 380].  For the case of Mo2N, the phase stabilities are in the order of ε-Mo2N 
(orthorhombic), β-Mo2N (tetragonal) and γ-Mo2N (cubic). Similarly, the most stable phase at 
the 1:1 composition for MoN is a monoclinic phase, although it is only 7meV/atom more stable 
than the NiAs phase[84, 85]. 
Experimentally, four different phases of the hexagonal molybdenum nitride have been 
synthesised by either plasma-enhanced chemical vapour deposition (PECVD) process or 
ammonolysis of MoCl5 and MoS2 [54]. Monochromatic synchrotron X-ray diffraction at high 
pressure experiment  has been performed to determine the compressibility of hexagonal phase 
of MoN [381]. As a promising catalytically phase, hexagonal MoN has been the subjects of 
several studies. Xie et al. [106] synthesised two-dimensional atomically-thin nanosheets of 
bulk hexagonal MoN parallel to graphene, in which high catalytic performance in the hydrogen 
evolution reaction (HER) has been demonstrated. Enhanced activities of hexagonal 
molybdenum nitrides have been proposed towards oxygen reduction reaction (ORR) [62]. 
Wang et al. [60] reported high–pressure synthesis of hexagonal δ–MoN via an ion–exchange 
reaction at a pressure of 3.5 GPa. The fabricated bulk was the hardest among the known metal 
nitrides and reveals an exceptional hardness which was even higher than cubic γ–Mo2N 
(~30 GPa versus ~23 GPa). 
Another important member of the TMNs family, refractory tungsten nitride compounds have 
attracted considerable attention [382, 383].  Depending on the anion-to-cation ratios, WN 
crystallises in wide variety of phases [112, 384, 385].  DFT studies have demonstrated that WN 
in the NbO phase is mechanically (C44 = 175 GPa) and thermodynamically (Hf = −0.84 eV) 




experimentally[384]. For this reason, we elect to study the experimentally confirmed δ-WN 
phase. 
The majority of binary W−N system are prepared as thin films with poor crystallinity[386].  
Hexagonal tungsten nitride films (δ−WN) were first synthesized by Schöenberg [387] with the 
P6̅m2 structure space group No. 187, and lattice parameters  of (a = b = 2.893 Å and c = 2.826 
Å, α = β = 90°and γ = 120°). This phase is experimentally observed at a pressure of 5 GPa. 
Limited number of experimental and simulation-based studies has been devoted on the 
hexagonal phase. Recently, crystalized δ−WN has been fabricated via solid-state ion exchange 
reaction under high pressure and temperature. Wang et al.  [386] proposed synthetic procedure 
to prepare series of novel nitrides including, hexagonal W2N3, hexagonal WN and cubic W3N4, 
under moderate pressure of 5 GPa with elastic properties resembling or surpassing those of 
cubic-BN. Moreover, preparation, electronic, and mechanical properties of bulk δ−WN have 
been reported by Wang et al. [388]. The effectively fabricated δ−WN phase was stable up to 
24.8 GPa. During the preparation process, W2N3 and melamine were adopted as tungsten 
source and nitrogen source, respectively, under high pressure and high temperature. The 
detected bulk modulus and Vickers hardness were 373 ± 8.3 GPa, 13.8 GPa, in that order[388]. 
Furthermore, tungsten nitride captured substantial interest in energy storage and conversion 
applications [389]. By means of the first-principle calculations, structural, elastic and 
thermodynamic properties of WC type structure of δ-WN were conveyed.  Result showed that 
the δ-WN is mechanically stable [390, 391].  Another important aspect is that the effect of 
removing either metal or non-metal atoms on the stoichiometry of bulk/surface binary nitride 
systems has shown to play vital role in improving various properties. Mattsson and Mattsson 
[392] reported that structural relaxation can reduce the vacancy formation energy by more than 
30% It is therefore important to include structural relaxation when calculating vacancy 
formation energies from first principles. Balasubramanian et al. [384] performed density 
functional theory calculations and compared between two stoichiometric phases of WN 
namely, NaCl and NbO-like structures. Their findings indicated that, the defect free rocksalt 
(NaCl) phase is unstable mechanically and thermodynamically. However, the WN in NbO 
phase having 25% of vacancies (cation and anion) showed mechanical stability. In another 
study conducted by Cai et al. [393],  the influence of vacancy defects on electronic and optical 
properties of bulk gallium nitride (GaN) has been modelled.  They concluded that introducing 
Ga and or N vacancies can increase the band gap by which optoelectronic performance can be 




DFT calculations. They suggested that Sc and N vacancies creation would induce asymmetric 
peaks in the density of state DOSs which in turn serve in thermoelectric purposes. Bocharov et 
al. [395] presented DFT calculations of clean and vacancy containing slabs of 2×2 and 3×3 
uranium nitride (UN) supercells cleaved in along the 001 direction. They concluded that, 
vacancy formation energies for surface layer are smaller than those for sub-surface and central 
layers demonstrating a clear trend for segregation towards the surface and grain boundaries. 
Density functional theory calculations and ab initio thermodynamics have mainly reported the 
stability of various metallic surfaces [396-399] however, neither MoN nor WN surfaces have 
been investigated yet excluding a work accomplished by Liu et al. [400] who performed first-
principles calculations on Mo termination of hexagonal MoN (001) surface. Their findings 
revealed that this material enjoy high catalytic performance towards CO and sulfur adsorption. 
Due to their potential significance in material science, more knowledge on structural and 
surface properties is recommended.  Therefore, in this chapter, we aim to shed light on (i) 
electronic and structural characters of all Mo and W nitrides plausible surface terminations, (ii) 
construct phase stability diagram via Ab initio atomistic thermodynamic approach under 
selected temperature and pressure, and (iii) to estimate the vacancy formation energies of these 
surfaces and their corresponding equilibrium vacancy concentrations at a temperature range of 
300-1000 K.  
5.3 Computational methods 
 
5.3.1 Structural optimisation   
 
All structural optimisation and energy calculations for the considered low-index surfaces were 
carried out using the VASP code [401]. Generalized gradient approximation GGA of Perdew 
and Wang (PW91) [282] was deployed for the determination of exchange-correlation 
functional. Throughout the optimisation, all layers were allowed to relax till the total energy 
and forces on atoms were converged to less than 10-6 eV and 10-4eV/Å, respectively. We 
modelled 2 × 2 supercell symmetric slabs comprising 2-15 atomic layers.  To eliminate the 
interactions within the periodic images of the slab, we adopted a vacuum thickness of at least 
15 Å to separate each slab from its corresponding repeated images along the z axis. The cut-
off energy used for the plane wave basis set was fixed to 500 eV with the Brillouin-zone 




dipole slab correction to the surface to void any plausible surface deformation caused by dipole 
accumulation along the z direction. 
5.3.2 Bulk calculations of δ3-MoN and δ-WN 
 
Bulk unit cells were optimized using an energy cut-off of 600.0 eV and a 12 × 12 × 12 
Monkhorst-Pack (MP) scheme for the generation of κ-points. The calculated formation energy 






𝐸𝑁2         5.1 
where 𝐸𝑀𝑁
𝑏𝑢𝑙𝑘 signifies the energies of bulk metal nitrides (δ3-MoN and δ-WN per formula unit). 
𝐸𝑀
𝑏𝑢𝑙𝑘 stands for the energies of bulk Mo or W per formula unit, and 𝐸𝑁2 refers to the energy 
of a nitrogen molecule in the gas phase, respectively.  
5.3.3 Ab initio atomistic thermodynamics 
 
The state-of-art, ab initio atomistic thermodynamics has widely been utilised to provide 
insights into the thermodynamic stability of transition metal nitride surfaces in nitrogen 
atmosphere, literature offers comprehensive account of equations governing the ab initio 
atomistic thermodynamics approach underlying assumptions, and approximations [399]. Thus, 
the thermodynamic stability orderings of Mo-N and W-N facets in a nitrogen environment 
(one-component gas phase) described by altering the chemical potential according to the 




[𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑃, 𝑁𝑀, 𝑁𝑁) − 𝑁𝑀𝐸𝑀𝑁
𝑏𝑢𝑙𝑘 − (𝑁𝑁 − 𝑁𝑀)𝜇𝑁(𝑇, 𝑃)]    5.2 
In the above equation, 𝛾(𝑇, 𝑃) refers to the surface free energy, A represents surface area of the 
slab,  𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑃, 𝑁𝑀 , 𝑁𝑁) refers to the Gibbs free energy of δ3-MoN and δ-WN slabs, 𝑁𝑀 
 stands for the number of either molybdenum or tungsten atoms in the slab, and 𝑁𝑁 denotes the 
number of nitrogen atoms in the slab.  𝐸𝑀𝑁
𝑏𝑢𝑙𝑘 refers to the energy of bulk δ3-MoN and δ-WN 
per formula unit and 𝜇𝑁(𝑇, 𝑃) denotes to the chemical potential of nitrogen. The chemical 
potential of nitrogen is calculated based on; 
𝜇𝑁(𝑇, 𝑃) = ∆𝜇𝑁(𝑇, 𝑃) +
1
2




The chemical potential of nitrogen 𝜇𝑁(𝑇, 𝑃) as a function of temperature and pressure can be 
written as [402];  
𝜇𝑁(𝑇, 𝑃) = −4.86 − 0.967 × (
𝑇
1000














5.3.4 Formation of vacancies and concentrations  
Herein, we perform a DFT study to address the surface properties with single and double 
vacancies.  Positive calculated formation energies indicate that the desorption of a surface atom 
occurs non-spontaneously.  For both studied systems, we created reduced surfaces by removing 
either metal (Mo/ W) or non-metal (N) from the stoichiometric slabs. The calculated vacancy 




  (𝐸𝑀𝑁−𝑣𝑎𝑐𝑎𝑛𝑡  +
𝑛
2
 𝐸𝑁2  − 𝐸𝑀𝑁−𝑝𝑒𝑟𝑓𝑒𝑐𝑡)      5.5 
where 𝐸𝑀𝑁−𝑣𝑎𝑐𝑎𝑛𝑡 and 𝐸𝑀𝑁−𝑝𝑒𝑟𝑓𝑒𝑐𝑡  are the total energies of reduced and defect free slabs in 
Mo and W nitrides, respectively. n corresponds to the number of created vacancies. In 
symmetric surfaces, we deleted one and two nitrogen atoms from the top and the corresponding 
atoms in the bottom layer, therefore, the total number of vacancies (n) will be 2, 4, etc. 𝐸𝑁2 
signifies the ground state energy of the nitrogen molecule positioned inside a (15× 15 × 15 Å3) 
box.  The optimized bond length of N2 was 1.1 Å with a total energy of -16.6 eV. After 
reporting vacancy formation energies, we predict the equilibrium vacancy concentration in the 
considered slab. A detailed derivation of the energy vacancy equation can be found elsewhere 
[158]. 
∆𝐺𝑣 ≅ ∆𝐸𝑣𝑋𝑣 − 𝑇∆𝑆𝑣(𝑇)𝑋𝑣 + 𝑅𝑇 [𝑋𝑣 𝑙𝑛𝑋𝑣 + (1 − 𝑋𝑣) ln(1 − 𝑋𝑣)]   5.6 
The change in entropy of molecular nitrogen was taken from [403]. The equilibrium vacancy 
molar fraction at temperature T was calculated according to; 
 𝑋𝑣
𝑒(𝑇) = 𝑔. 𝑒𝑥𝑝 (
−∆𝐺
𝑅𝑇
)         5.7 
Where g is a degeneracy factor accounting for internal degrees of freedom of the point defect. 










in which S denotes the specific surface area per mass (84.1m2/g) [404], NAv and MW refer to 
Avogadro’s number and the molar mass of metal nitride (i.e. MoN and WN), respectively.  
 
5.4 Results and discussion 
5.4.1 Bulk δ3-MoN and δ-WN 
In our previous work, we covered in details the structural optimization of hexagonal 
molybdenum nitride unit cell [374]. The obtained equilibrium lattice parameters of WN were 
2.87Å and 2.90Å which agreed well with the literature analogous values [405]. Our estimations 
of the formation energies for δ3-MoN and δ-WN are -1.25 eV and -0.12 eV, respectively, in 
line with the corresponding published values [34, 385, 405, 406]. Both optimized unit cells are 
showing in Figure 5.1. 
 
Figure 5.1: Optimized bulk unit cells of WN and MoN (pink, green, and dark blue spheres 
signify W, Mo, and N, in that order). 
 
5.4.2 Geometries of δ3-MoN and δ-WN low Miller indices 
 
Atoms in a slab seek to stabilize themselves via relaxing to more energetically favourable 
positions by showing either upwards or downwards displacements [407]. To model 
symmetrical slabs of Mo and W nitride phases, we applied 2×2 supercell that afford four polar 
(non-stoichiometric) and non-polar (stoichiometric) low-index planes oriented along the (100), 
(111), (110) and (001) directions.  Tables 5.1 and 5.2 report the relaxation of the interlayer 
spacing in the first three layers of MoN and WN slabs (i.e, d12 and d23). The differences between 




Δdij=(dij−d0) /dij where dij is the interlayer spacing between two atomic layers (for instance, 
first and second layers in the relaxed slab) and d0 denotes the interlayer spacing in the initial 
slab. 
Table 5.1: First and second interlayer distances dij (Å) and analogous interlayer relaxation (as 
a reference to the bulk values) of the considered MoN surfaces.  Positive values indicate an 
expansion of the distance (upward displacements) and negative values refer to a reduction 

















MoN(100) 64/80 -0.17 -27 0.68 45 
MoN(100)+1VMo 64/78 -0.13 -20 0.47 37 
MoN(100):N 80/64 -0.01 -2 -0.27 -50 
 
MoN(100):N+1VN 78/64 -0.09 -13 -0.23 -39 
MoN(100):N+2VN 76/64 -0.01 -2 -0.22 -37 
 
MoN(100):N+1VN* 78/64 -0.07 -10 -0.19 -31 
MoN(110):MoN 80/80 -0.18 -15 
 
0.04 3 
MoN(110):MoN+1VMo 80/78 -0.01 -0.9 0.00 0.2 
MoN(110):MoN+1VN 78/80 0.00 0.5 0.00 0.4 
MoN(110):MoN+2VN 76/80 0.01 0.9 0.00 0.5 
MoN(111):Mo 80/96 -0.29 -85 0.00 -1 
MoN(111):Mo+1VMo 80/94 -0.29 -86 0.00 0.01 
MoN(111):N 80/64 -0.08 -15 0.09 -16 
MoN(111):N+1VN 78/64 -0.07 -13 0.10 -19 
MoN(111):N+1VN* 78/64 -0.09 -16 0.07 -13 
MoN(001):Mo 64/80 -0.08 -6 0.08 5 








Table 5.2: First and second interlayer distances dij (Å) and analogous interlayer relaxation (as 
a reference to the bulk values) of the considered WN surfaces. Positive values indicate an 
expansion of the distance (upward displacements) and negative values refer to a reduction 


















WN(100):W 28/32 -0.19 -30 0.06 3.5 
WN(100):W+1VW 28/30 0.01 1.9 -0.08 -3.5 
WN(100):W+1VN 26/32 0.03 4.6 -0.04 -2.6 
WN(100):W+1VW* 28/30 0.03 4.5 -0.003 -0.2 
WN(100):N 36/32 -0.44 -36 0.3 27 
WN(100):N+1VN 34/32 0.07 6 -0.14 -14 
WN(100):N+1VN* 34/32 0.001 0.11 -0.001 -0.16 
WN(110):WN 36/36 -0.16 -13 0.05 3 
WN(110):WN+1VN 34/36 0.01 0.00 0.00 0.00 
WN(111):W 36/40 -0.15 -32 -0.07 -12 
WN(111):W+1VW 36/38 0.02 4 0.00 1 
WN(111):N 36/32 -0.16 -14 0.05 3 
WN(111):N+1VN 34/32 0.00 -0.59 -0.03 -2 
WN(111):N+2VN 32/32 -0.03 -3 -0.02 -1 
WN(001):W 12/16 -0.04 -3 -0.01 -0.9 
WN(001):W+1VW 12/14 -0.06 -4 -0.04 -3 
 
The surfaces are labelled according to their orientations and terminated elements. For the 
analysis of the optimized δ3-MoN surfaces, we found that the ideal un-optimized molybdenum 
terminated surface MoN(100):Mo, comprises only Mo atoms in its outermost layers. However, 
the lowest energy structure undergoes surface reconstruction that resulted in downward 
movement by 27% via forming nitrogen dimer rows. The ideal and relaxed slabs are presented 
in Figure 5.2 (a) and (b), respectively. Furthermore, the interlayer spacing in the relaxed top 
most layer and the beneath layer amounts to d12=0.17Å (in reference to bulk positions). For the 
MoN(100):N termination, a minor shrinkage towards the slab centre has been observed where 





Figure 5.2: Optimised geometries of MoN slabs, showing the un-optimized MoN (100): Mo 
(a), optimized MoN(100):Mo (b), and (c) Mo-defect (100) surface termination. Light blue and 
blue spheres signify Mo and N, respectively. 
 
Figure 5.3: Optimised geometries of the MoN(100):N surfaces; perfect slab (a) and defected  
slabs (b-d). Light blue and blue spheres signify Mo and N, respectively. 




Figure 5.4 (a) demonstrates cleaving bulk δ3-MoN along the (110) direction. A stoichiometric 
surface that offers an equivalent number of Mo and N atoms has been optimized. A downward 
relaxation between the first and second layers of about 15% is observed.  The relaxation 
between the second and third layer was only 3%.  The unrelaxed polar (111) surface offers two 
possible terminations labelled as MoN(111):Mo and MoN(111):N. 
 
Figure 5.4: Side of views of the MoN(110):MoN optimized geometries; perfect (a) and vacant 
slabs (b-d). Light blue and blue spheres denote Mo and N, respectively 
Optimized slab indicates that Mo truncated surface undergoes a drastic surface contraction.  On 
the other hand, N-terminated surface exhibits a much milder contraction that allows nitrogen 
atoms in first top layer to shrink up to 15%. This value has been computed via the relation Δdij 
= (dij-d0)/dij ×100 %, in which dij is the interlayer spacing between first and second atomic 
layers and d0 is the bulk interlayer spacing.  Figure 5.5 (a-d) demonstrates side views of un-





Figure 5.5: Unrelaxed and relaxed MoN (111): N and Mo terminated slabs. Light blue and blue 
spheres denote Mo and N, respectively. 
 
Figure 5.6: The optimized geometries of the MoN(111):Mo terminated surface containing one 
Mo-vacant site. Light blue and blue spheres denote Mo and N, respectively. 
 
Finally, the (001) configuration was truncated with molybdenum atoms at the top most layer 
as shown in Figure 5.7(a).  The MoN(001):Mo experienced a downward displacement by only 





Figure 5.7: Side view of the MoN(001):Mo optimized geometry; perfect (a) and defect 
containing slab (b). Light blue and blue spheres denote Mo and N, respectively. 
 
Having discussed surface terminations of hexagonal molybdenum nitride, we are now 
considering surface properties of hexagonal tungsten nitride (δ-WN). Herein, various atomic 
layers oriented along (100), (110), (111), and (001) directions have been optimized to be either 
N- or W-terminated planes excluding (110) plane that exhibits one stoichiometric edge denoted 
as WN(110):WN. The N- terminated (100) slab relaxes downward leading to shortening the 
W–N bond length by 36%. Similarly, the first upper layers in W-terminated (100) surface has 
been contracted up to 45% with no surface reconstruction noticed. Figure 5.8 (a) and (d) depict 





Figure 5.8: Side view of the WN (100) W and N slabs. Pink and blue spheres denote W and N 
atoms, respectively. 
 
The optimized geometry of WN(110) slab demonstrates a downward displacement compared 
to the initial unoptimized one by 13%. Side views of WN(110) surface structure is shown in 






Figure 5.9: Side view of the WN (001) and WN (110) optimized slabs. Pink and blue spheres 
denote W and N, respectively. 
For WN(111) N ended slab, inward relaxation by 14% compared to the bulk geometry is 
observed in Figure 5.10 (a).  However, tungsten terminated slab tends to contract by 32% as a 
reference to the ideal geometry as depicted in Figure 5.10(d).  All in all, studied molybdenum 
and tungsten nitride surfaces tend to mainly experience downward displacements, similarly to 





Figure 5.10: Side view of the WN (111) perfect and vacant-containing slabs. Pink and blue 
spheres denote W and N, respectively. 
The effect of introducing an arbitrary vacant site is considered in this section. The calculated 
vacancy formation energies and equilibrium concentrations for the inspected surfaces are 
presented in Table 5.3.  As we are considering symmetric slabs with top and bottom faces, 
removal of an atom of one side of the slab requires removal of its counterpart atom in the other 
side of the slab. 
Thus, for the MoN(100):Mo+1VMo, we assumed a monovacancy structure when one Mo vacant 
site is created (i.e. one Mo atom is removed from the upper and corresponding bottom most 
layers of the slab). Upon relaxing the structure as seen in Figure 5.2 (c), the neighbouring atoms 




terminated. This displacement is associated with downward relaxation by 20%. Calculated 
vacancy formation energy indicated that Mo-removal is an endothermic process by 0.55eV per 
Mo-vacant site.  
 
Table 5.3: Vacancy formation energies (VFEs) and equilibrium concentrations for some 












MoN(100):MoN+1VMo 1.10 0.55 - 
MoN (100):N+1VN 2.03 1.01 1.0 × 10
17 
MoN(100):N: +2VN 2.56 0.64 7.7 × 10
19 
MoN(100):N+1VN* 3.55 1.77 6.8×10
13 
MoN(100):N+1VN** 3.65 1.82 4.2 ×10
13 
MoN(110):MoN+1VN 3.44 1.72 2.3×10
13 
MoN(110):MoN+2VN 6.75 1.68 1.6×10
14 
MoN(110):MoN+1VMo -0.04 -0.02 - 
MoN(111):N+1VN 2.17 1.08 1.1×10
16 
MoN(111):N+1VN* 2.69 1.34 8.7×10
14 
MoN(111):N+1VMo -0.73 -0.36 - 
 





In the case of the N vacancy in MoN(100):N+1VN surface, the neighbouring atoms are 
displaced to a lesser extent when compared with the rearrangement in (100):Mo. Upon the 
removal of the second nitrogen atom, the resulting geometry is associated with a slight inward 
displacement of the outermost surface nitrogen atoms by 2% in a reference to the bulk 
configuration. In MoN(111):Mo+1VMo structure Figure 5.6 , the two-direction surface with 
two molybdenum vacancies (one at each side) experience noticeable downward relaxation at 
the topmost layer of about 86 % which is in line with its counterpart defect-free surface. Table 
3, documents vacancy formation energies for the adopted slabs. Concerning, vacancy creation 
over WN surfaces, Table 5.4 shows that WN (111):N+2VN affords the highest vacancy 
concentrations among the explored WN surfaces. 
 
Table 5.4: Vacancy formation energies (VFEs) and equilibrium concentrations for some 










Theoretical calculated values of Mo, W and N vacancies formation energies VFEs (eV), 
vacancy equilibrium concentrations 𝐶𝑣
𝑒(𝑇) for the δ3-MoN and δ-WN phases are presented in 
Tables 5.3 and 5.4, correspondingly.  The obtained results will be valuable to understand the 
interaction of nitrogen with defective surfaces, in order to understand the Mars−van Krevelen 












WN(100):N+1VN 2.29 1.14 4.6×10
16 
WN(100):N+2VN 5.49 1.37 2.8×10
17 
WN(100):N+1VW -2.28 -1.14 - 
WN(110):WN+1VN 3.05 1.52 1.2×10
15 
WN(111):N+1NV 3.38 1.69 1.8×10
15 
WN(111):N+2VN 7.26 1.81 2.0×10
17 




Furthermore, Bader’s charges were calculated using a code developed by Henkelman’s group 
[410].  The aim is to explore the bond nature in δ3-MoN and δ-WN composites. Tables 5.5 and 
5.6 report calculated average Bader’s charge of Mo, W, and N atoms in the first two topmost 
layers of the nominated low index surfaces. Our analysis of charge transfer suggested net 
charges of Mo and N atoms in bulk δ3-MoN to be 1.44 e and −1.44 e, respectively. W atoms 
carry a net charge of 1.45 e and N atoms hold -1.45 e. This indicates a charge transfer from the 
metal atoms (Mo or W) to non-metal atoms (N) reflecting the bond’s ionic nature [388]. Table 
5.5 displays that the metal atoms in the first and second layers of the MoN and WN facets 
reproduce the ionic feature of their bulk. Electronegativity of N atoms in the first and second 
layers of studied slabs closely matches their analogous bulk with some deviation, especially in 
defects-containing slabs. 
Table 5.5: Average bader charges in (e) for Mo, W, and N atoms, subscript numbers refers to 
the first and second atomic layers. 
Slab Mo1 Mo2 N1 N2 
MoN(100):MoN 0.89 1.17 -1.31 -1.38 
MoN(100):MoN+1VMo 0.89 1.25 -1.29 -1.37 
MoN(100):N 1.68 1.46 -1.04 -1.25 
MoN(100):N+1VN* 1.64 1.42 -0.88 -1.25 
MoN(110):MoN 1.19 1.50 -1.30 -1.36 
MoN(110):MoN+1VMo 1.23 1.51 -1.41 -1.35 
MoN(110):MoN+2VN 1.15 1.46 -1.30 -1.37 
MoN(110):MoN+2VN 1.13 1.42 -1.30 -1.36 
MoN(111):Mo 0.93 1.12 -1.34 -1.37 
MoN(111):Mo+1VMo 0.94 1.11 -1.34 -1.37 
MoN(111):N 1.16 1.39 -1.21 -1.44 
MoN(111):N+1VN 1.55 1.51 -1.13 -1.31 
MoN(111):N+1VN* 1.55 1.44 -1.14 -1.32 






Table 5.6: Average Bader’s charges in (e) for W and N atoms, subscript numbers refers to the 













5.4.3 Stability phase diagram 
Generally, the change in nitrogen chemical potential ΔµN(T,P) vary between two distinct 
boundaries termed as nitrogen-rich conditions (zero) and nitrogen-lean limits (i.e. formation 
energy Ef ). A nitrogen-lean limit describes possible value of the change in the chemical 
potential of nitrogen once bulk δ3-MoN and δ-WN commence forming from the interaction of 
bulk molybdenum/ tungsten in a nitrogen atmosphere.  On the other hand, a nitrogen-rich limit 
denotes the condensation of N2 molecule. For symmetric slabs adopted in this study and 
according to calculated Ef values, N-lean limit of δ3-MoN is estimated to be -1.25 eV, whilst 
in the case of δ-WN, it amounts to -0.12 eV.   Tables 5.7 and 5.8 present surface free energy at 
N lean and rich limits for both considered phases. 
 
 
WN slabs W1 W2 N1 N2 
WN(100):W 1.06 1.44 -1.54 -1.42 
WN (100):N 1.90 1.48 -1.04 -1.39 
WN (100):N+1VN 1.66 1.47 -1.00 -1.43 
WN (100):N+2VN 1.54 1.42 -1.08 -1.44 
WN (100):W+1VW 1.09 1.53 -1.40 -1.45 
WN (110):WN 1.14 1.63 -1.33 -1.46 
WN (001):N 1.74 1.54 -1.08 -1.42 
WN (001):W 0.70 1.48 -1.43 -1.52 
WN (001):W+1VW 0.75 1.60 -1.31 -1.46 
WN (111):W 0.89 1.17 -1.45 -1.40 
WN (111):W+1VW 0.95 1.27 -1.39 -1.40 
WN (111):N 1.59 1.64 -1.25 -1.37 
WN (111):N+1VN 1.45 1.50 -1.37 -1.24 




Table 5.7: Surface free energy γ (T, P), values in eV /Å2 for all surfaces at N-lean and N-rich 
limits of δ3-MoN. 





































































Table 5.8: Surface free energy γ (T, P) values in eV /Å2 for all surfaces at N-lean and N-rich 
limits of δ-WN slabs. 




WN(100):W+1VW -3.22 -3.22 
WN(100):N -0.30 -0.29 
WN(100):N+1VN -3.05 -3.05 
WN(100):N+2VN -3.01 -3.01 
WN(110):WN -2.61 -2.61 
WN(110):WN+1VN -2.59 -2.59 
WN(111):W -2.54 -2.54 
WN(111):W+1VW -2.44 -2.44 
WN(111):N -2.11 -2.11 
WN(111):N+1VN -2.08 -2.08 
WN(111):N+2VN -2.05 -2.05 
WN(001):W -2.25 -2.25 
WN(001):W+1VW -1.94 -1.94 






Figure 5.11 plots stability phase diagram of δ3-MoN possible surface terminations, it is obvious 
that in δ3-MoN, the (111):N- truncated surface appear to be the most stable configuration 
competing with nitrogen vacancies containing slabs at all obtainable values of nitrogen 
chemical potential. There is no dependency of surface free energy on chemical potential 
changing for stoichiometric slabs (i.e., equal numbers of atoms Mo=N as in (110) surface 
termination).  The obtained thermodynamic stability trend suggests that the absorption of bulk 
Mo in a N2 gas-phase environment only form a MoN(111):N phase. The stability of nitrogen 
terminated surfaces is in line with the general consensus the literature  findings that surfaces 




411]. Based on equation 5.4 in section 5.3.3, Figure 5.11 displays the obtained stability lines 







Figure 5.11: Stability phase diagram of Mo-N system represented by surface energies against 
the N chemical potential. The left vertical line stands for the formation energy of bulk δ3-MoN. 
To this end, several structural and electronic factors affect the thermodynamic stability 
ordering; such as interlayer displacements, polarity, and charge distribution.  Zhu et al. [412] 
stated that surface stability is mainly governed by interplanar distance.  Along the same line of 
enquiry, we have established that the surface terminations with a marginal inter layer relaxation 
assume higher thermodynamic stability in contrast with significantly relaxed terminations 
[411]. Nonetheless, MoN(111):Mo associates with a significant downward relaxation,  
MoN(111):N slab is more stable than terminations that incur lesser relaxation as reported in 
Table 5.1. This may be ascribed to the positive charges accumulated on molybdenum atoms.  







































































Based on atomic ratios presented in Tables 5.1 and 5.2, the surface polarity can be excluded as 
the underpinning factor that determines the thermodynamic stability ordering.  Overall, the 
stability tends can be influenced by a combination of factors as described by Rogal et al. [413]. 
Figure 5.12 depicts stability phase diagram of δ-WN possible surface terminations, it is obvious 
that in δ-WN phase, the (100):N- truncated surface appears to be the most energetically stable. 
 
 
Figure 5.12: Stability phase diagram of δ-WN surfaces represented by surface energies against 
the N chemical potential. Nitrogen lean limit indicates the formation energy of bulk δ-WN. 
 
We have illustrated in our recent studies that factors dictating thermodynamic stability ordering 
include polarity of surfaces, charge distributions, and surface relaxations[414-417].  Likewise, 
since δ3-MoN and δ-WN represent 4-d and 5-d transition metal nitrides; respectively, they 
display different geometries space groups, charge distributions, surface relaxation, and 
reconstructions.  These factors may have resulted in a different trend of thermodynamic 
stability among δ3-MoN and δ-WN. 
 
5.4.4 Density of state analysis 

































































After having an insight into the geometries of perfect and defect low-index molybdenum and 
tungsten nitride surfaces, herein, we are looking at the electronic structure through analysing 
the total density of states DOSs for the most stable geometries (i.e. MoN(111):N and 
WN(100):N). It is well known that the presence of nitrogen atoms in the lattice of molybdenum 
and tungsten nitrides contribute in possessing higher d-band electronic density of states at the 
fermi level and hence relevant electronic characteristics approaching those of precious metals. 
In another word, the resulted metallic nature of δ3-MoN and δ-WN systems stem from the 
mixture of Mo(4d), W(5d) and N(2p) orbitals [4]. Total and projected density of state PDOS 
of both bulk systems are very comparable to analogous reported values [418]. The predicted 
total and partial DOSs of the (111): N and (100): N surface terminations and their 
corresponding pure metallic are shown in Figures 5.13 and 5.14, respectively, which obviously 
mimicking the metallic nature of their analogues bulk unit cells. The most prominent peaks 
















Figure 5.13: Total and partial density of states for (a) bulk Mo, (b) bulk δ3-MoN, and (c) 
nitrogen terminated δ3-MoN(111) surface. 




































































As can be observed from Figure 5.13, the Mo-d orbitals strongly contribute to DOSs values at 
the Fermi level resulting in high contribution to the metallic nature of δ3-MoN whereas p 
electrons do not strongly participate at the Fermi level.  The valance band extending between 
–17 and –14 eV is mostly composed of N-s orbitals.  In general, our obtained DOSs for the 
nitrogen terminated (111) plane accords very well with the DOSs of its correspondence bulk 
obtained in previous DFT accounts.  
It is clearly seen from Figure 5.14 that the valence bands of δ-WN (100): N are comprised of 
three main components.  The lowest states are located from -19.0 Ev to -16.0 eV and mainly 
contain nitrogen 2s states.  The valence bands stretched from -10 eV to -5eV eV and exhibits 









Figure 5.14: Total and partial density of states of (a) bulk W, (b) bulk δ-WN, and (c) nitrogen 
terminated δ-WN (100) surface. 
 
The valence bands near the Fermi level is occupied between -5eV to 0.0 eV and is derived 
mainly from the to5d-states. The conduction band states located from 0 eV to 2.75eV mainly 
consists from the W5d, p and N2s states[391].  
 
Regarding the bonding nature in δ-WN system, it can be classified as a mixture of metallic, 
ionic and covalent contributions. The metallic one can be ascribed to the partially filled W5d 
bands. The ionic nature of the WN bond is determined by charge transfer from W atoms to the 
more electronegative N atoms. Finally, the presence of a covalent bonding is indicated by 
hybridization of the C 2p and W5d states. 
Lastly, Figures 5.15 and 5.16 resemble the Nitrogen vacancy concentrations as a function of 
temperature for selected most stable surfaces of δ3-MoN and δ-WN phases, respectively. These 
created vacancy sites in a stoichiometric geometries could serve as potential sites in the so-








Figure 5.15: Nitrogen vacancy concentration as a function of temperature at nitrogen vacancy 
coverage Xv = 1/16 of MoN(111):N+1VN surface termination. 
 
 
Figure 5.16: Nitrogen vacancy concentration as a function of temperature at nitrogen vacancy 







In this chapter, we perform spin-polarized density functional theory calculations to investigate 
geometries, electronic charges, phase stability diagram of δ3-MoN and δ-WN low-index 
surfaces. Diverse surface terminations were inspected in terms of relaxation and reconstruction, 
Bader’s charges, density of states, and vacancy formation energy. Phase stability diagrams 
indicate that nitrogen terminated (111) and (100) surface of δ3-MoN and δ-WN, respectively 
are the most predicted stable surfaces.  
Our findings propose that vacancy-containing slabs exhibit less charge transfer than the perfect 
slabs. Vacancy formation energy and concentrations were found to be the highest for nitrogen 
terminated surfaces. Results from this study would contribute in paving the way into more 
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Selective hydrogenation of ethyne in hydrocarbon feeds into ethene assumes critical 
importance in notable chemical applications.  Stand-alone molybdenum nitride (Mo2N) 
mediates surface hydrogenation of ethyene with a profound selectivity; similar to that observed 
over noble metals.  However, the underlying mechanisms governing the H2-C2H2-Mo2N 
interaction leading to partial rather than complete hydrogenation remain largely unclear. We 
find that molecular hydrogen adapts several physisrobed states prior to its dissociative 
dissociation; mainly on 3-fold hollow fcc and 3-fold hollow fcc sites over the (111) and (100) 
terminations of Mo2N; respectively.  Our results on the interaction of hydrogen with γ-Mo2N 
concur very well with analogous experimental findings pertinent to the preference for the 
dissociation to occur on surface nitrogen vacant sites, the mobility of surface adsorbed 
hydrogen atoms and the inhibition effect of pre-adsorbed oxygen on H2 dissociation.  Over the 
(111) surface, constructed reaction mechanism, estimated reaction rate constants, and micro-
kinetics modelling provide illumination on the occurrence of the selective hydrogenation of 
ethyne into ethene, rather than ethane.  We demonstrate that, the occurrence of selective 
hydrogenation rests on two aspects; distinctive energy profiles of hydrogenation steps in partial 
versus full hydrogenation routes, and thermodynamic selectivity entailing higher surface 
stability of adsorbed C2H2 in relative to C2H4.  Production of ethane and oligomerisation into 
C4 cuts prevail over the (100) surface.  Thermo-kinetic parameters reported herein provide 
molecular-base understating on the unique and highly selective hydrogenation capacity of γ-
Mo2N catalysts.  Such knowledge is useful to design optimum operational conditions for the 








Formation of ethyne (C2H2 or acetylene) as a secondary by-product in olefines purification 
processes induces poisoning effects on deployed catalysts[419].  Likewise, while introducing 
carbon monoxide to the hydrocarbons feed prevents additional hydrogenation of olefins into 
alkanes [420] it also deactivates noble metal-based catalysts such as Pt, Pd and Ni.  When using 
these metals as active sites on supported catalysts (i.e., alumina), alkenes can be easily 
hydrogenated to alkanes [421-425].  For this reason, the development of novel materials with 
high surface area and profound selective hydrogenation constitutes a key challenge requiring 
identification of active sites and molecular-level understanding of the associated reaction 
mechanisms.  The limited availability of precious metals and their high price have hindered 
their widespread applications. This has paved the way for the development of alternative potent 
materials that mimic the catalytic behaviour of precious metals.  With similar d-orbitals filling, 
transitional metal nitrides most notably molybdenum nitride (Mo2N) display Pt-like characters 
[426] in many critical catalytic applications including NOx reduction [427], hydrogenation 
[428], hydrodenitrogenation [429], and hydrodesulfurization [430].  Consensus of opinions in 
the literature evidence that, Mo2N-facilitated hydrogenation reactions take place over nitrogen 
vacant sites.  For instance, Perret et al.[431] have thoroughly compared the catalytic 
hydrogenation capability of β versus γ phases of Mo2N to report higher specific hydrogenation 
rate on the surface of β-Mo2N.  This has been ascribed to higher Mo/N ratio (i.e., larger 
deficiency of surface nitrogen) for the β–phase. 
 
Theoretical and experimental studies have illustrated structural, electronic as well as optical 
properties of bulk[46, 374] and surfaces[400, 432, 433] of the two phases of Mo2N, in the 
pursuit to provide atomic-based insights into their remarkable properties.  Mo2N is typically 
synthesised via a temperature programmed reduction-nitradation process [426].  Several 
operational factors, including temperature, heating rate, the source of nitrogen in the gas phase 
composition (i.e., NH3 versus H2 + N2 mixture) and the Mo-containing precursor (i.e., MoxOy 
and MoClx) influence the properties of the synthesised MoNx phase.  The nitridation process 
often results in wide-size distributions and irregular shapes of Mo2N.  A significant deal of 
recent research has focused on tailoring the morphology of Mo2N particles into similarly 





Mo2N exhibits unique selectivity response in hydrogen mediated reactions [428].  Examples 
include; the preferential production of benzyl aldehyde from benzyl alcohol [434], and p-
chloroaniline from p-chloronitrobenzene [431].   
Along the same line of enquiry, the high selective hydrogenation capacity of Mo2N catalysts 
has find direct application in producing high-purity alkene streams, to be used in synthesis of 
polyethylene polymers [419].  The underlying objective of selective hydrogenation of alkynes 
is to minimise the formation of alkanes and to produce a nearly-free alkenes stream [435].  Via 
careful IR measurements, Wu et al. [180] illustrated a highly selective hydrogenation process 
of 1,3-butadiene to 1-butene on γ-Mo2N/α-Al2O3 catalyst.  Authors attributed the highly 
selective nature of the γ-Mo2N/α-Al2O3 catalyst to surface nitrogen atoms that weaken the 
interaction between the parent reactant 1,3-butadiene and the catalyst surface.  Similarly, high 
selectivity towards conversion of ethyne to ethene of about 85% has been reported by Hao et 
al. at atmospheric pressure and reaction temperature of 232-483 K with various space velocities 
[177]. The selective production of ethene remains almost unchanged at around 90% after 
reaching a steady state. Hao et al.[177] explained that the occurrence of catalytic hydrogenation 
rests on two factors; thermodynamic selectivity entailing higher adsorption energies of alkynes 
in reference to alkenes, and the inaccessible re-adsorption of produced alkenes.   
 
Hydrogenation process of alkynes commence by activation of hydrogen molecules on γ-Mo2N 
surfaces. Temperature programmed desorption (TPD) study by Li et al. [436] has demonstrated 
some interesting remarks pertinent to hydrogen uptake by γ-Mo2N surfaces.  TPD results 
indicate that γ-Mo2N surfaces dissociate hydrogen molecules even at room temperature; though 
at very low yields.  This remarkable finding is on the contrary with the general consensus 
pointing out that dissociative adsorption of hydrogen is often regarded as the rate limiting step 
in catalysis hydrogenation [437].  The relatively facile conversion of C2H2 into C2H4 at a 
relatively low temperature of 473−523 K supports the occurrence of a low-energy hydrogen 
dissociation process over γ-Mo2N-based catalysts.   
While the role of γ-Mo2N catalysts in mediating partial and full hydrogenation of alkynes is 
well-established, the underlying reaction mechanisms remain unclear. Furthermore, as 




selectivity toward partial rather than full hydrogenation.  The unique catalytic characters of γ-
Mo2N surfaces are believed to stem from structural as well electronic aspects.  On the structural 
side, adsorption of diatomic species such as CO  [152] on γ-Mo2N surfaces was greatly 
facilitated by the presence of vacant N sites.  Similarly, Li et al. [436] postulated that adsorption 
of hydrogen takes place on coordinatively unsaturated molybdenum ions.  A relatively narrow 
band gap in Mo2N is a signature for its high catalytic activity [426]. 
 
To this end, this chapter maps out potential energy surfaces pertinent to partial and full 
hydrogenation of ethyne on γ-Mo2N surfaces.  Guided by experimental results for hydrogen 
and acetylene interactions with γ-Mo2N and via implementing accurate density functional 
theory (DFT) calculations, this study has three-fold aims: to illustrate the process governing 
hydrogen uptake by γ-Mo2N surface; to build reaction routes for the hydrogenation 
mechanisms of triple bonds (C2H2) to single bond (C2H6) through double bond (C2H4); and to 
provide robust kinetic parameters for all surveyed chemical reactions.  The most intriguing 
question to answer here is if the selective hydrogenation of ethyne is dictated by kinetic barriers 
of the intrinsic hydrogen transfer reactions or simply controlled by the relative thermodynamic 
stability of adsorbed species. Thermo-kinetic parameters reported herein should be 
instrumental in the pursuit to formulate novel γ-Mo2N-based catalytic, specifically tailored for 




6.3.1 Computational details 
 
All structural optimisations and energy calculations were performed using DMol3 package 
[438].  The Kohn-Sham equations were applied based on the Padrew and Wang (PAW) DFT 
functional along with the local density approximation (LDA) for the exchange-correlation 
potential [439].  The total energy converges with a tolerance of 1 × 10−6 Ha.  A double 
numerical plus P-function (DNP) basis set (i.e. comprises one numerical function for each 
occupied atomic orbital) has been applied with a cut-off energy of 3.7 Å.  Integration of the 




and (100) miller indices of γ-Mo2N; respectively.  Spin polarization was imposed in all 
calculations at a thermal smearing of 0.05 Ha.  Optimization convergence thresholds for energy 
change, maximum force, and maximum displacement between the optimization cycles were 
set at 0.00002 Ha, 0.004 Ha/Å, and 0.005 Å, respectively.  DMol3 performs transition states 
calculations through the linear synchronous and quadratic synchronous transit LST/QST 
methods [440]. Computations of vibrational frequencies enable to derive activation enthalpies 
and entropies as a function temperature.  Arrhenius rate parameters (A-factors and activation 
energy, Ea) were estimated by fitting reaction rate constants, k(T), with the inverse of 
temperature (1/T) according to the conventional transition state theory (TST).    
 
We calculate adsorption energies, Eads (at 0 K) of γ-Mo2N/species systems based on the energy 
difference between the adsorbate - surface system a non-interacting system and; 
 
ads substrate_surface non-interacting system
 E E E= −            6.1 
 
In the non-interacting system, the gas phase species is placed in the middle of the vacuum, 
separated by at least 8.00 Ǻ from the surface.  
 
We estimate charge transfer from the slab to the adsorbed C2Hy species based on the Hirshfeld 
formalism.  It is well-known that this method provide accurate electronic charge density, even 
when a smaller basis sets is deployed [441].  Finally, we track the change in C-C bond 
elongations in selected species according to the Mayer’s method [442].  This in turn provides 








6.3.2 Mo2N surfaces  
 
In a recent study, we constructed a stability phase diagram for plausible terminations of γ-Mo2N 
through the ab initio atomistic thermodynamics formalism [432].  A nitrogen-truncated surface 
along the (111) index was found to be the most stable facet at all accessible values of nitrogen 
chemical potential.  The N/Mo ratio in this particular surface amounts to 0.57, deviating 
noticeably from the unsaturated γ-Mo2N surface with N/Mo ratio at 0.50.  In alike procedure 
to our recent investigation on NOx reduction by γ-Mo2N[432], we elect herein to consider the 
(111) and (100) terminations to simulate γ-Mo2N.  While considering the most 
thermodynamically stable (111) termination is intuitively appealing, our choice to study the 
(100) surface stems from its mixed N/Mo surface termination.  We have shown throughout the 
discussion that, such termination induces substantial differences in adsorption energies, 
reaction and activation energies and reaction products in reference to the (111) surface.  
Furthermore, all experimental studies on H2/C2H2 interaction with γ-Mo2N were carried out in 
a pure argon environment (i.e., in absence of a nitrogen source) prompting us also to consider 
a genuinely unsaturated γ-Mo2N surface (i.e., N/Mo ratio of 0.5) [177].  We model the two γ-
Mo2N surfaces by deploying slab models comprising four layers of 2 × 2 unit cell.  Figure 6.1 
portrays optimised geometry of the γ-Mo2N (111)/(100) surfaces.  In the (111) surface, five 
adsorption sites can be distinguished; 3-fold hollow fcc (H1), 3-fold hollow hcp (H2), on-top 
Mo (TMo1), on-top N (TN1) and bridge Mo-Mo (B1) sites.  Similarly, the (100) surface 
features four distinct adsorption sites; namely on-top Mo (TMo2), on-top N (TN2), 4-fold 
hollow fcc (H3), and bridge Mo-Mo (B2).  The 2 × 2 unit cell of (111) surface contains four 









Figure 6.1: Optimised structures of the γ-Mo2N(111) and γ-Mo2N(100) surfaces with 
highlighted potent adsorption sites.  Molybdenum atoms are in light green while nitrogen atoms 
are in blue.   
 
Assuming that, these vacant nitrogen positions constitute the potent active sites, and based on 
the dimensions in Figure 6.1 (i.e., 4 sites/9.10 × 10-19 m2), one estimates the concentration of 
the active sites on Mo2N surfaces to be 7.30 × 10
-10 mol/cm2.  This value deviates by a factor 
of 2.27 from the experimental measurements reported by Neylon et al.[444] i.e., 1.66 × 10-9 
mol/cm2.  However, it appears that, Neylon et al.[444] quoted a typical value for the 
concentration of active sites on commonly deployed catalysts, without explicitly estimating the 
number of sites specifically for the case of Mo2N.  To the best of our knowledge, our calculated 
value of the number of active sites on Mo2N (that amounts to 7.30 × 10
-10 mol/cm2) represents 






6.4 Results and discussion 
 
6.4.1 Interaction of hydrogen with γ-Mo2N surfaces 
 
Several experimental investigations have probed the aspects dictating the adsorption of H2 and 
subsequent mobility of adsorbed hydrogen atoms on the unsupported γ-Mo2N surface.  
Measurements performed by NMR spectroscopy have confirmed that, hydrogen adsorbs on 
Mo sites associated with nitrogen defects via the homolytic dissociation pathway.  The 
maximum uptake of hydrogen amounts to 200 µmol/g, corresponding to (at most) 10 % of the 
total surface area [146].  Conversely, Li et al.[436] and Perret et al.[431] proposed that, the 
adsorption of H2 on γ-Mo2N occurs via the heterolytic dissociation.  At ~675 K and within a 
pressure range of 0.4 – 0.8 atm[436], Li et al.[445] measured the total hydrogen uptake to 
reside between 12 µmol/g and 200 µmol/g.  Unfortunately, the authors did not determine the 
composition of the Mo2N surface. 
The H2-TPD profiles of Zhang et al.[446] and Li et al.[436] have established the two major 
adsorption peaks; viz. at ~510 K and ~750 K.  These two peaks represent the low and high 
energy adsorption sites, with the cited literature providing no identification of the exact 
locations of these sites.  Migration of the surface hydrogen intensifies the high energy 
adsorption peak, following the saturation of the low energy adsorption sites.  Further increase 
of temperature results in migration of hydrogen atoms into the low energy adsorption sites as 
well as the desorption of hydrogen molecules.  Li et al.[436] attributed the high energy 
adsorption sites to sub-surface adsorption.  Inspection of the H2-TPD profiles in literature 
indicates that, the dissociative surface adsorption of hydrogen may be followed by diffusion 
into the sub-layer and/or bulk γ-Mo2N phase for the intermediate to high temperature; i.e., ~700 
– 750 K [445]. Very recently, Xie et al.[106] have demonstrated a high rate of the dissociative 
adsorption of hydrogen on atomically-thin molybdenum nitride Nano-sheets of γ-Mo2N for 
applications related to hydrodesulfurization and CO uptake.  Overall, the existing H2-TPD 
results indicate that, the capacity for hydrogen adsorption on the γ-Mo2N surface increases with 
the adsorption temperature. Having considered the reverse reaction as well, it would decrease 





6.4.1.1 Dissociative adsorption of H2 over γ-Mo2N surfaces 
Herein, we study the various modes of interaction of H2 with the γ-Mo2N (111)/(100) surfaces 
with the aim to provide mechanistic elucidations into the H2-TPD results demonstrated above 
Starting with non-dissociative molecular adsorption, molecular H2 adapts several 
configurations over the two considered γ-Mo2N surfaces signified by intermediates M1-M4 
(100) and M9-M12 (111) as Figures 6.2 and 6.3 depict; respectively.  Table 6.1 describes the 
positions of the adsorbed hydrogen molecules and atoms on the two surfaces.   
Table 6.1:  Description of molecular and dissociative adsorption of hydrogen at distinct sites 
over γ-Mo2N(100) and γ-Mo2N(111) surfaces.  Refer to Figures 6.1-6.3. for graphical 





M1 Molecular hydrogen adsorbs horizontally at a TMo2 site 
M2 Molecular hydrogen adsorbs horizontally at a B2 site 
M3 Molecular hydrogen adsorbs vertically at an H3 site 
M4 Molecular hydrogen adsorbs horizontally at an H3 site 
M5 The two hydrogen atoms are positioned at H3 sites 
M6 Hydrogen atoms occupy into TN2 and H3 sites 
M7 Hydrogen atoms occupy into TN2 and B2 sites 
M8 The two hydrogen atoms are positioned at TN2 sites 
(111) 
M9 A hydrogen molecule is adsorbed horizontally over H1 site 
M10 A hydrogen molecule is adsorbed horizontally over TN1 site 
M11 Molecular hydrogen adsorbs horizontally at H2 site 
M12 A hydrogen molecule is adsorbed horizontally over B1 site 
M13 The two hydrogen atoms are positioned at B1 sites 
M14 The two hydrogen atoms are positioned at H1 sites 
M15 Hydrogen atoms occupy into TN2 and H2 sites 








Figure 6.2: Reaction routes for interactions of molecular hydrogen with the γ-Mo2N(100) 
surface. Values in bold (reaction energies) are in reference to a non-interacting hydrogen 
molecule while values in italic (activation barriers) are relative to the reactant in each step.  
Circles denote the adsorbed hydrogen molecules/atoms (in white).  All values are in kcal/mol.  





Figure 6.3: Reaction routes for interactions of molecular hydrogen with the γ-Mo2N(111) 
surface. Values in bold (reaction energies) are in reference to a non-interacting hydrogen 
molecule while values in italic (activation barriers) are relative to the reactant in each step.  
Circles denote the adsorbed hydrogen molecules/atoms (in white).  All values are in kcal/mol.  





Adsorption energies for the initial physisorbed structures on the two surfaces fall within the 
narrow range of - 1.2 – - 14.4 kcal/mol revealing a rather minor influence of the adsorption site 
on the physisorption process.  In fact, the value -14.4 kcal/mol is a big energy to be assigned 
as a physisorption process. However, it is envisaged that H2 goes through a chemisorption 
process in this adsorption energy range.  Based on these figures, molecular hydrogen is weakly 
adsorbed on γ-Mo2N in reference to CO ( -34.3 kcal/mol) [447] and NO (-30.1 – 50.2 kcal/mol) 
[432] over γ-Mo2N.  The low adsorption energies for physisorbed molecular hydrogen infers 
that, molecular hydrogen uptake by Mo2N is highly unlikely and that undissociated hydrogen 
molecules will readily desorb from the surface.  In addition to sizable high reaction barrier for 
H2 dissociation (to be discussed in the following paragraphs), low H2 binding energies may 
have contributed to the very low H/Mo ratios measured during the irreversible uptake of 
hydrogen; i.e., ~ 0.001 – 0.002 [448]. 
 
In studying the rupture of the H-H bond, a molecular state resembling the dissociative structure 
was considered as the initial reactant.  Figures 6.2 and 6.3 portray schemes for the dissociation 
of hydrogen molecules over the (100) and (111) terminations; respectively.  Starting with the 
(100) termination (Figure 6.2), the dissociation of the adsorbed dihydrogen molecule occurs at 
two H3 sites (M5); into TN2 and B2 sites (M6), TN2 and B2 sites (M7) and over two surface 
nitrogen atoms (M8).  In reference to the initial physisorbed state, fission of the H-H bond 
yielding M5, M6, M7 and M8 structures entails exothermicity of 32.8 kcal/mol, 31.7 kcal/mol, 
29.2 kcal/mol and 28.6 kcal/mol; respectively.  The breakage of H-H bond in the gas phase 
requires a tremendous endothermicity of ~120 kcal/mol.  Thus, while thermodynamic factors 
in terms of the adsorption energies reveals a spontaneous H-H cleavage process on the surface, 
activation of hydrogen molecules truly rests on underlying kinetic factors, embedded in 
activation energies.  Scission of the H-H bond over the two 4-fold hollow sites B3 require the 
least activation barrier of 19.8 kcal/mol through the transition structure TS1.  H-H bond fission 
into structures M6 and M7 entail very similar activation energies of 25.8 kcal/mol (TS2) and 
24.3 kcal/mol (TS3); correspondingly.  Attachment of H atoms on surface N atoms in structure 





Interaction of H2 with the (111) surface (Figure 6.3) exhibits similar energetic trend to that of 
the (100) surface (Figure 6.2).  This is reflected by a sizable energy barrier for dissociation 
over two TN1 sites (43.6 kcal/mol) and modest energy barriers for hydrogen attachment at 3-
fcc sites (26.2 kcal/mol and 31.5 kcal/mol).  Hydrogen molecule rupture over two neighbouring 
B1 sites represents the most accessible corridor in the dissociative adsorption of H2 over the 
(111) surface via an energy barrier of 18.1 kcal/mol.  By contrasting the sites based on their 
corresponding energy barriers, sites H1 (111), B1 (111) and H3 (100) could be classified as 
low energy sites while the two surface nitrogen sites (TN1, TN2) characterise high energy sites.  
Despite of several attempts, placing hydrogen atoms at on top-Mo and H2 sites converge into 
other sites.  The calculated dissociative adsorption energy for H2 over γ-Mo2N falls between -
56. and -26.1 kcal/mol.  At low hydrogen coverage, Guerrero-Ruiz et al.[448] reported an 
adsorption energy of -30 kcal/mol, whereas Somorjai quotes an estimate of  -40 kcal/mol for 
polycrystalline Mo [449]. 
 
The exceedingly high barriers of TS4 and TS9 render direct attachments at two neighbouring 
nitrogen sites to be kinetically hindered (i.e. high energy sites).  Practically, this means that 
once the γ-Mo2N surface is fully covered by nitrogen atoms; catalytic reactivity is greatly 
reduced.  N14/N15 isotope analysis during the course of interaction between 15NO and γ-Mo2N 
indicates migration of 15N into the lattice of γ-Mo2N.[450]  Nonetheless, due to the very strong 
bond in the N2 molecule, it is highly unlikely that atmospheric nitrogen to de-catalyse γ-Mo2N.  
All experiments on the interaction of H2 with γ-Mo2N were carried out in Ar environment 
preventing one from drawing a conclusive conclusion on the effect of atmospheric nitrogen on 
the uptake of hydrogen.  Along the same line of enquiry, the occurrence of Mars-van Krevelen 
like-mechanism[451] involving γ-Mo2N surfaces and nitrogen molecules warrants further 
investigation to assess the likelihood for the re-generation of γ-Mo2N in a gaseous reservoir of 
a relatively weak nitrogen-bounded molecules such as N2H4 for instance.  Such scenarios may 
be encountered when deploying γ-Mo2N based catalysts to decontaminate emission from 
nitrogen-rich fuel; such as biomass.   Table 6.2 enlists Arrhenius parameters for the dissociative 






Table 6.2: Arrhenius coefficients of H2 dissociative adsorption fitted in the temperature range 
of 300-1000 K. 
 
 
Reaction A (1/s) Ea (kcal/mol) 
(100) 
M1→M5 6.21 ×1012 19.5 
M1→M6 3.51 ×1012 26.4 
M1→M7 9.87 × 1011 24.2 
M2→M8 5.1 × 1012 44.0 
(111) 
M9→M13 2.10 ×1012 17.1 
M10→M14 4.21 ×1011 27.2 
M11→M15 6.10 × 1011 32.0 
M12→M16 1.10 × 1012 42.0 
 
 
Reaction rate constants in Table 6.2 confirm the dominance of the M1 → M5 (H1 site) and M9 
→ M13 (H3 sites) over the (111) and (100) surfaces; in that order.  We find a trivial barrier of 
2.1 kcal/mol (TS10) for hydrogen transfer from B1 sites into H1 sites; i.e., M13 → M14 (111).  
Thus, the reaction network M9 → M13 → M14 signifies a lower energy pathway for the 
occupation of two neighbouring H1 sites (4-fold hollow sites).  Overall, the kinetic and 
thermodynamic preference for the dissociation of H2 at vacant N sites supports earlier 
experimental interpretations by Liu et al. [436] and Haddix et al. [146] who postulated that 
hydrogen molecules dissociate at nitrogen deficient patches of molybdenum atoms.  
 
Next, we assess energy requirements for two potential processes that may operate during 
interaction of hydrogen with the γ-Mo2N surface; surface diffusion and dissociative adsorption 




occupy N-vacant sites and their adsorption on surface N atoms is associated with a considerable 
energy penalty.  The higher desorption temperature (~750 K) in H2-TPD profiles by Liu et 
al.[445] and Zhang et al.[446] was attributed to hydrogen movement from low energy sites to 
high energy sites; following the saturation of the former sites.  To simulate this process, we 
calculate energy barriers for hydrogen atom surface diffusion from H1/H3 sites (i.e., low 
energy sites) to TN1/TN2 (i.e. high energy sites).  Calculated barriers amount to somehow 
sizable barriers of 32.1 kcal/mol (TS10A, Figure 6.3) and 31.4 kcal/mol (TS5, Figure 6.2).  
Thus, hydrogen mobility over the γ-Mo2N surfaces is plausible at elevated temperatures and 
suggests that, low energy sites could serve as precursors for high energy sites.  This findings 
concurs very well with the experimental interpretation of Li et al. [445] who observed by 
analysing H2-TPD patterns high mobility of adsorbed hydrogen atoms from low energy sites 
to higher energy sites.  Clearly, hydrogen subsurface diffusion is not related to the 
hydrogenation of alkynes; a purely surface process and thus it is not further discussed here.   
 
Experimental studies[450] as well our recent theoretical account[432] find the NO uptake by 
γ-Mo2N to result in the formation of Mo2NxOy configuration in which oxygen atoms occupy 
the vacant N sites.  The interaction of γ-Mo2N with atmospheric oxygen in practical systems 
may also result in the formation of a Mo2NxOy phase, an oxynitride.  Any practical 
hydrogenation system requires the removal of oxygen during the start-up period and constant 
attention to identify and eliminate air leaks.  Normally, a high-temperature flow of H2[444] 
through the system or Ar ion sputtering serves to reduce or remove the surface oxygen layers 
formed in passivation of Mo2N.[431]  Thus, it is of interest to study the effect of oxygen 
presence on the dissociative adsorption of hydrogen.  Figure 6.4 illustrates that, dissociation of 
a H2 molecule over a Mo2NxOy-like phase requires an energy barrier of 31.1 kcal/mol (over the 
(111) configuration).  This barrier matches those of high energy sites (i.e., TN1 site) and 
indicates that, the atmospheric oxygen displays a poisoning effect on the uptake process of H2.  
Thus, a highly reducing condition (i.e., very dilute concentration of oxygen) signifies an 
optimum operating condition for hydrogen uptake by γ-Mo2N.  Interestingly, our conclusion 
herein matches the experimental findings of Li et al.[436, 445] who observed that, hydrogen 
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Figure 6.4: Dissociative adsorption of H2 over a Mo2NOx-like phase and H transfer from an 
OH site to adsorbed C2H2 adduct over the (111) surface. Values in bold (reaction energies) and 
italic (activation barriers) are relative to the reactant in each step.  All values are in kcal/mol.  
Carbon, hydrogen, and oxygen atoms are represented by grey, white and red spheres.  
 
6.4.1.2 Kinetics of H2 uptake 
 As the thermodynamic stability of the (111) facet dominates that of (100)[113], we have only 
considered the most kinetically preferred pathway for the dissociative addition of H2 on the 
(111) surface.  We calculate the rate constant for this pathway, H2 + γ-Mo2N(111) → M13 (i.e., 
A2 + 2* → 2A















in which σ stands for the active site density of Mo2N[444] (1.66 × 10
-9 mol/g), s denotes the 
sticking coefficient (assumed to be 1.0), M is the molecular mass of H2 and Ea signifies the 
activation energy in reference to the gas phase hydrogen molecule (10.2 kcal/mol).  The rate 
of hydrogen uptake is then expressed as 
2
2
s H( ) ( )r T k T C P= where 2HP is the partial pressure of 
hydrogen and Cs the surface concentration of attached H atoms (assumed to be σ/10, based on  
the experimental interpretation of Haddix et al.[146] with a corresponding surface area of 79 
m2/g).  Table 6.3 lists the calculated values of k(T) and r(T) under selected conditions. 
Table 6.3: Reaction rate constants k (cm5 mol-2 s-1) for hydrogen dissociative adsorption on the 





Rate constant for surface H2 dissociation 
(cm5/(mol2·s)) 
Rate of hydrogen uptake 
(µmol/(g·s)) 








M14 M11 → M15 
300 3.46 × 109 5.14 × 103 4.08 × 102 3.06 ×10-4 4.54×10-10 3.61× 10-15 
350 4.21 × 1010 4.25 × 105 1.81 × 101 3.19 ×10-3 3.22 × 10-8 1.37 × 10-12 
400 2.76 × 1011 1.18 × 107 1.76 × 103 1.83 × 10-2 7.79 × 10-7 1.17 × 10-10 
450 1.20 × 1012 1.57 × 108 6.23 × 104 7.09 ×10-2 9.23 × 10-6 3.67 × 10-9 
500 3.92 × 1012 1.25 × 109 1.09 × 106 2.08 × 10-1 6.63×10-5 5.77 × 10-8 
550 1.04 × 1013 6.87 × 109 1.13 × 107 5.00 × 10-1 3.31 × 10-4 5.47 × 10-07 
600 2.34 × 1013 2.85 × 1010 8.04 × 107 1.03 1.26 × 10-3 3.55 × 10-6 
700 8.48 × 1013 2.70 × 1011 1.76 × 109 3.21 1.02 × 10-2 6.65 × 10-5 
800 2.25 × 1014 1.46 × 1012 1.79× 1010 7.45 4.86 × 10-2 5.94 × 10-4 
900 4.83 × 1014 5.51 × 1012 1.10 × 1011 1.42 × 101 1.62 × 10-1 3.24 × 10-3 





Figure 6.5a contrasts our estimated rate of hydrogen uptake with experimental values while 
Figure 6.5b plots the total hydrogen uptake within 1 h.  At 700 K and 
2H
P  of 0.6 atm, our 
calculated rate of hydrogen uptake exceeds that of Neylon et al.[444] by a factor of 5.5.  We 
envisage that, the main source of discrepancy stems from a significant uncertainty in the degree 
of the hydrogen coverage of the surface.  Most notably, the one-tenth coverage of the surface 
by hydrogen, reported by Haddix et al.[146], applies to 298.15 K, while Neylon et al.[444] 
measured the rate of hydrogen uptake between 670 K and 770 K.  Perret et al.[431] determined 
the total hydrogen consumption as around 730.0 µmol/g.  The fact that Perret et al.[431] 
reported neither the time interval nor hydrogen pressure makes it impossible to compare this 
value with a theoretical estimation (i.e., curves of hydrogen uptake in Figure 6.5b).  As pointed 
out by Perret et al.[431] the amount of consumed H2 on the Mo2N surfaces varies depending 


















Figure 6.5: Reaction rate for hydrogen uptake by the γ-Mo2N(111) surface along the reaction 
H2 + γ-Mo2N(111) → M13 at 0.6 atm H2 and 10 % surface coverage (a) and the total hydrogen 
uptake in 1 h at 0.1 atm H2 and 10 % surface coverage. 
a ref [444]. 
 
6.4.2 Adsorbed C2Hy species 
 
We calculate adsorption energies for acetylene to be -87.1 kcal/mol and - 51.6 kcal/mol, 
respectively, over pure (111) and (100) surfaces.  The adsorbed C2H2 moiety adopts a near-flat 
position over the H1 (111) and H3 (100) sites.  Hao et al.[177] co-introduced hydrogen and 
acetylene into the reactor at concentrations of 1.4 % for C2H2) and 14.0 % for H2.  Thus, a 
competitive C2H2-versus-H2 adsorption prevails under practical scenarios.  This has prompted 
us to calculate the adsorption energy for ethyne over the (111) and (100) surfaces pre-covered 
with hydrogen.  Table 6.4 gives the adsorption energies for C2Hy moieties over vacant and 
hydrogen pre-occupied sites of H1 (111) and H3 (100) along with some molecular descriptors, 
such as C-C bond elongation in comparison to gas phase values and charge transfer from the 
surface to the adsorbed C2Hy species.  Positioning the C2H2 adduct over an H-occupied H1 site 
reduces the C2H2-γ-Mo2N(111) surface binding energy to- 6.9 kcal/mol; i.e., forming weakly 
bounded configuration.  This indicates a hydrogen pre-covered (111) surface to be less active 










reference to gas 
phase (vacant H3 
site) 
Net charge 
transfer from the 
surface to the 
C2Hy species (e), 






C2H2* - 51.6 -6.9 12.1 0.33 
C2H3* -82.2    
C2H4* - 15.4 -2.4 1.8 0.08 
C2H5* -54.7    
C2H6* -10.0    
(100) 








transfer from the 
surface to the 
C2Hy species (e), 






C2H2* -87.0 -38.2 18.4 0.46 
C2H3* 94.5    
C2H4* -48.3 -16.8 9.8 0.37 
C2H5* -61.8    
C2H6* -3.0    
 
The fact that the dissociative adsorption of a hydrogen molecule requires at least - 18.1 kcal/mol 
of activation energy (i.e., the barrier of TS5) indicates a kinetic hindrance toward facile pre-
covering of active sites by hydrogen atoms.  Thus, the optimum approach necessitates the 
concomitant introduction of H2 and ethyne, rather than admitting high loads of hydrogen prior 
to the stream of ethyne.  Over the (100) surface, an ethyne molecule strongly attaches itself to 
a H-occupied H3 site with a binding energy of - 38.2 kcal/mol.  The C2H4 molecule (the product 
of partial hydrogenation) is rather weakly attached to pre-covered active sites above the two 
surfaces (-2.4 kcal/mol (111) and - 16.8 kcal/mol (100)).  Low binding energy for ethene over 




subsequent blocking of active sites that prevents the re-adsorption of alkenes.  Inspection of 
binding energies in Table 6.4 consistently indicates stronger adsorption over the (111) surface 
in comparison with that over the (100) surface.  This is reflected by elongation of the C-C bond 
and increased charge transfer into the adsorbed substrates. 
 
Ethyne pre-adsorbed on N-vacant sites blocked hydrogen adsorption in this potent location, 
leaving only the high-energy sites available for hydrogen, according to reactions M2 → M8 
(100) and M12 → M16 (111) as shown in Figures 6.2 and 6.3, respectively. 
 
6.4.3 Partial versus full hydrogenation of C2H2 over the (111) termination.    
 
Hydrogenation of alkynes commence with the co-adsorption of the hydrocarbon adducts with 
hydrogen atoms on the γ-Mo2N surface.  Herein, we outline reaction profiles for partial and 
complete hydrogenation of ethyne over the (111) termination of γ-Mo2N.  The hydrogenation 































⎯⎯⎯→⎯⎯  C2H6*        R4 







Figure  6.6: Reaction networks for partial and full hydrogenation of ethylene. 
Figures 6.7 and 6.8 map out potential energy surfaces for partial and full hydrogenation of 
ethylene over (111) and (100) surfaces; correspondingly, with Table 6.5 and Figure 6.9 presents 
their Arrhenius parameters for the (111) surface.   
Table 6.5: Kinetic parameters (i.e., turn over frequency) of surface reactions operating in the 
partial and full hydrogenation over the γ-Mo2N(111) surface, fitted in the range of 300 – 1000K. 







C2H2*+H* → C2H3* 
2.10 × 1012 7.3 
R1r  
*C2H3 → C2H2* + H* 






C2H3*+H* → C2H4* 
3.09 × 1012 10.1 
R2r  
*C2H4 → C2H3* + H* 






C2H4*+H* → C2H5* 
1.29 × 1012 17.1 
R3r  
*C2H5 → C2H4* + H* 






C2H5*+H* → C2H6* 
5.67 × 1012 18.1 
R1r  
*C2H6 → C2H5* + H* 






Partial hydrogenation of ethyne initiates with its near-flat adsorption on H1 site; surrounded by 
adsorbed H* atoms at neighbouring H1 and N1 (on-top surface nitrogen) sites.  Hydrogen 
transfer from the surface to the adsorbed C2H2
* radical could occur either from H1 or N1 sites 
and results in the formation of an adsorbed C2H3
* adduct (i.e., vinyl) in a well-depth of only 
7.4 kcal/mol (the intermediate M18 in Figure 6.7).  The transition structure TS12 characterises 
H* transfer from H1 site through a modest barrier of 10.8 kcal/mol; significantly lower than the 
competing H* movement from N1 site via TS11 (34.9 kcal/mol).  It follows that in all 
subsequent hydrogenation reactions; we only consider H* transfer from adjacent H1 sites.  
Mayer’s C-C bond order in this vinyl adduct and all subsequently formed C2Hy species remain 
around 1.0.  Subsequent hydrogen transfer into adsorbed C2H3
* adduct moiety (R2f) takes place 
via a barrier of 8.8 kcal/mol (TS13).  This reaction concludes the partial hydrogenation by 
producing an adsorbed ethene molecule; C2H4
* in a well depth of 36.8 kcal/mol in reference to 
the entrance channel (structure M19 in Figure 6.7).  Desorption of C2H4
*from a vacant H1 site 
into a gas phase ethene molecule requires only 15.4 kcal/mol.  This value is higher than the 
reverse barrier embedded in TS13 (38.2 kcal/mol).  However, desorption is not a purely kinetic-
driven phenomena, mass transfer factors often play a crucial roles [453].  On the other hand, 
full coverage of neighbouring 3-fold fcc hollow sites at excess hydrogen conditions may 
prevent the backward reaction of R2r (M19 → M18) by blocking the availability of preferred 
H intake sites.   
The very distinct adsorption energies for ethyene (-51.6 kcal/mol) and ethane (-15.4 kcal/mol) 
is consistent with the principle of thermodynamic selectivity suggested by Bond et al.[178, 
454] based on which the occurrence selective hydrogenation of ethyne into ethane was 
explained.  However, it must also be noted that very similar adsorption energies (within 1.0 
kcal/mol) for ethylene and ethene were estimated over other hydrogenation catalysts such as 
Pd/Al2O3 catalysts [420].  Herein, we argue that the occurrence of selective hydrogenation 
relies two on aspects; firstly, distinctive patterns of hydrogenation steps among partial and full 
hydrogenation, and secondly the aforementioned thermodynamic selectivity.   
We analyse the full hydrogenation route over the (111) surface to elucidate rationale for the 
high selective nature of γ-Mo2N towards partial hydrogenation of acetylene.  Figure 6.7b shows 
a full hydrogenation route starting from an adsorbed C2H4
*.  Pathways in Figure 6.7b follow 
analogous steps presented in Figure 6.7a for the partial hydrogenation.  In the first step, a β-
C2H5
* intermediate is synthesised via hydrogen transfer from the H1 site to the terminal carbon 
atom in the adsorbed C2H4




kcal/mol (TS14).  It follows that the opening step in the partial hydrogenation pathway incurs 
higher barrier in reference to the corresponding step in the full hydrogenation (10.8 kcal/mol 
versus 17.4 kcal/mol).  The β-C2H5
* intermediate rests nearly at the same energy level of the 
starting reactant (M20 in Figure 6.7).  The second hydrogenation step (R2f) occurs via a 
matching reaction barrier of the first step; 17.1 kcal/mol and results in the formation of an 
adsorbed C2H6
*; the M21 structure in Figure 6.7b.  The comparable energy barriers for the 
forward and reverse steps in the full hydrogenation and their matching reaction rate constants 
(Table 6.5) route indicate their highly reversible nature.  This is on contrast to the largely 





Figure 6.7: Pathways for the partial (a) and full hydrogenation (b) over the γ-Mo2N(111) 
surface.  All values are in kcal/mol in reference to the initial reactant.  For clarity, we show 





Elucidating reasons for the occurrence of the selective hydrogenation of ethylene requires 
careful inspection of the fate of adsorbed C2H4
*.  With the exclusion of the reverse reaction 
(M19 → M18, R2f) owing to its exceedingly high barrier (38.2 kcal/mol), two channels appear 
to dominate the fate of the C2H4*, namely desorption into the gas phase (M18 → C2H4(g)) and 
further hydrogenation into the C2H5
* moiety (M19 → M20, R3f).  Based on reaction rate 
constant reported in Table 6.5 for reaction R3f, and by utilising b
k T
h
 as the A-factor and 15.4 








k k+  for the former channel remains nearly 1.0 between 300 K – 1000 K.  
Thus, desorption into a gas phase ethene molecule rather than further hydrogenation marks the 
sole exit corridor of adsorbed C2H4
*.  Clearly, desorption of C2H4
* shuts down the full 
hydrogenation route and significantly contributes to the selective formation of ethene from γ-
Mo2N-mediated hydrogenation of ethylene.  
 
We have shown that, if the first hydrogen transfer occurs from N-site, it requires significantly 
higher barrier than that for analogous transfer from the 4-fold hollow site (10.8 kcal/mol versus 
34.9 kcal/mol).  This indicates that hydrogenation capability of γ-Mo2N, largely depends on 
the availability of nitrogen vacant sites.  According to the low barrier of the transition state 
TS21 (17.2 kcal/mol), these potent sites could be readily filled out if molecular oxygen is 
present in the system.  Figure 6.4 shows a corresponding first step hydrogenation over a 
hydrogenated Mo2NxOy-like phase (the structure M29).  H atom migration from H-O site 
requires a modest barrier of 23.1 kcal/mol (TS23).  Thus, hydrogenation of ethylene is 
somehow feasible in an oxidative environment; however, obviously, hydrogen dissociation on 
the surface oxygen atoms represents a bottle-neck for such process (an energy barrier of 31.1 








In a nutshell, factors contributing the selective partial hydrogenation over the (111) surface can 
be grouped into: 
 
(I)- Higher Barrier for the opening hydrogenation step in full hydrogenation versus the 
analogous step encountered in partial hydrogenation (17.4 kcal/mol versus 10.8 kcal/mol). 
 
(II)- Significantly higher desorption energy for C2H2
* in comparison to C2H4
* (over vacant H1 
site).  This trend is consistent with the thermodynamic selectivity assumption pioneered by 
Bond et al.[454].   
 
(III) – The dominance of the desorption step for adsorbed C2H4
* over further hydrogenation 
(i.e., R3f). 
 
(IV)- Competing reversibility for the β-C2H5
*; the intermediate structure in full hydrogenation 
in comparison to a largely irreversible analogous pathway in the case of partial hydrogenation.  
This can be easily observed when contrasting potential energy diagrams for partial (Figure 
6.7a) and full hydrogenation (Figure 6.7b).   
 
6.4.4 Hydrogenation mechanism over the (100) surface 
 
Figure 6.8 depicts steps of partial and complete hydrogenation of acetylene over the (100) 





Figure 6.8: Pathways for the partial (a) and full hydrogenation (b) over the γ-Mo2N(100) 
surface.  All values are in kcal/mol in reference to the initial reactant.  For clarity, we show 







The hydrogenation mechanisms for the (100) and (111) surfaces share the same principal steps; 
albeit with distinct energy profiles reflected by the following observations: 
• The (100) surface consistently feature higher energy barriers for the four hydrogenation 
steps in reference to the (111) surface.  For example, the first hydrogenation step (C2H2
* 
+ H* → C2H3
*) encounters an energy barrier of 26.2 kcal/mol (TS17) if hydrogen 
transfer occurs from the H3 site underneath the adsorbed C2H2
*or 34.9 kcal/mol (TS16) 
when the hydrogen atom moves from a neighbouring H3 site.  These two values 
noticeably exceed that of the corresponding step operating on the (111) surface; i.e., 
10.8 kcal/mol.   
 
• Barrier heights shown in Figure 6.8 (100), reveal that hydrogenation steps are 
reversible, in both the partial and the full hydrogenation routes.  For instance, the barrier 
for the reaction M24 M25
f
r
⎯⎯→⎯⎯  in the reverse direction (24.3 kcal/mol) is slightly 
lower than that in the forward direction (26.7 kcal/mol).  This is on the contrary to the 
analogous steps in the (111) surface in which energy barrier in the reverse direction 
overshoots the barrier height in the forward direction by 29.4 kcal/mol.  
 
• When considering desorption of C2H4* from vacant H3 site, further hydrogenation into 
C2H5
* is more preferred than the formation of gaseous ethene molecule (32.6 kcal/mol 
versus 48.0 kcal/mol).  
The last two points suggest that, consecutive H* transfer steps over (100) surface leads to full 
hydrogenation of ethyene into ethane.  The experimental work of Hao et al.[177] report higher 
selectivity for the formation of ethane at shorter reaction time with relatively low amounts 
detected across the various investigated operational conditions (reaction temperatures, space 
velocity).  The production of ethane in Hao et al.[177] may have proceeded via the sequential 
hydrogenation steps reported in Figure 6.8 upon the presence of the (100) facet.  Likewise, 
catalysis literature have pointed out that different surface terminations often lead to variant 




induced by different Mo/N ratios constitutes an important contributor for a higher H2 uptake 
by β-Mo2N in reference to γ-Mo2N.[431]  The different energy profiles for the (111) and (100) 
substantiate that different surface termination encompasses distinct active sites toward partial 
versus full hydrogenation.  Ethane represented the sole product from hydrogenation of ethylene 
on Pd/α-Al2O3[177] suggesting a similar nature of the active sites on Pd/α-Al2O3 and γ-
Mo2N(100).  Higher selectivity for the production of ethene from γ-Mo2N coincides with the 
dominance thermodynamic stability of the (111) surface;[432] i.e., a termination that favours 
the partial hydrogenation route.      
 
 
Figure 6.9: Arrhenius plots of surface reactions operating in the partial and full hydrogenation 
over the γ-Mo2N(111) surface, fitted in the range of 300 – 1000 K.  
 
6.4.5 Production of oligomers 
 
Formation of green oil represents a chief contributor to deactivation of catalysts during 
hydrogenation of acetylene.[456, 457]  The formed carbonaceous deposits deteriorate the 
catalytic activity by poisoning active sites and reducing the surface area.  The unclosed carbon 
balance for gaseous hydrocarbons in Hao et al.[177] experiments suggest the formation of 
carbonaceous deposits on the Mo2N surface.  1,3-butadiene (C4H6)[457] constitutes the most 






adducts (Table 6.4) assists their coupling into C4H5




* + C2H2* → C4H5
* 
 
Figure 6.10 shows that, cross-linking of two C2 adducts on the (100) surface pass through a 
modest energy barrier of 15.9 kcal/mol (TS24).  The corresponding process on the (111) 
surface proceeds without encountering an intrinsic reaction barrier.  Higher stabilities of the 
adsorbed open-shell CxHy species (C2H3
*, C2H5
*) on the (100) surface in comparison to those 
on the (111) surface indicate increased tendency for the oligomerisation to occur on the (100) 
surface.  Nonetheless, carrying out the catalytic reaction at higher inlet ratios of H2/C2H2 will 




Figure 6.10:  The onset of oligomerisation over the (100) surface.  The value in bold signifies 
the reaction energy while the value in italic represents the activation barrier.  All values are in 
kcal/mol.  
 
6.4.6 Kinetic model  
 
Available kinetic models on selective hydrogenation of alkynes into alkenes incorporate global 
one-step rather than detailed multi-steps reactions.  Examples include conversion of 1-butyne 
over a Pd/alumina catalyst [458], selective hydrogenation of 1-hexyne mediated by Pd 
nanoparticles[459], and partial hydrogenation of 1-heptyne on tungsten oxide supported on 




surface sites (i.e., 1.66 × 10-9 mol/cm2 or our own estimate at 7.31 × 10-10 mol/cm2)[444] and 
surface reaction rate constants given in Tables 6.2 and 6.5, we first attempt to formulate one-
step expressions for the rate of disappearance of acetylene (
2 2C H
r− ) and formation of ethene (
2 4C H
r ) based on the analogous aforementioned literature models.  However, our unsuccessful 
attempts confirm that, these models were specifically fitted for the investigated catalysts and 
may not be generalised for the case of Mo2N.  Thus, we limit our analysis herein to provide a 
micro-kinetic account for our mechanistically described selective hydrogenation over the (111) 
plane.  An approximate and representative simulation can be carried out using a simplified a 











=            6.3 
in which Fi stands for molar flow rate and i
j
r  signifies the summation of all reactions rates 
that form or consume the species i , i.e., j i mk C C .  Rate constants for surface reactions (in the 
forward and reverse directions) are extracted from Table 6.5.  Rate constants for the two 








 where Hdes is the desorption enthalpy for 
ethene/ethane.  Rate constant for the dissociative adsorption for hydrogen was adapted from 
the reaction M9 → M13 (Table 6.2).  To simulate the experimental conditions, the C2H2/H2 
molar flow rate ratio in the inlet stream was set to 0.1.  In the simplified model, all reactants 




by the two initial reactants with a ratio of C2H2
*/2H* at 0.1.  Figure 6.11.a compares conversion 
of ethylene and selectivity toward ethene with analogous experimental values between 320 – 
480 K.  Figure 6.11.b plots the profile of product as a function of the reactor’s volume at 500 
K.  The simplified PFR model re-produces the experimental profiles of conversion and 
selectivity relatively well.  The rate-determining step in the model was found to be the 
dissociative adsorption of hydrogen.  
 
 
Figure 6.11: Profiles for adsorbed species as function of temperature (a) and volume of the 
PFR at 500 K (b).  aRef [177]. 
This is in line with an analogous finding by Maccarrone et al.[460] who found that, conversion 
of 1-heptyne into 1-heptene over WOx/Al2O3 fits very well to a model in which the dissociative 




hydrogen dissociative adsorption also agrees with the experimentally reported very low 
conversion of ethyne at low temperatures (i.e., below 350 K).[177]    
 
6.5 Conclusion and future directions  
 
In agreement with experimental observations by NMR and TPD techniques, we have illustrated 
that, hydrogen molecules preferentially dissociate on surface N-vacant sites on the (111) and 
the (100) surfaces.  Surface diffusion of adsorbed hydrogen atoms from these low energy sites 
into other high energy sites is feasible through accessible reaction barrier at about ~ 30 
kcal/mol.  Pre-adsorbed oxygen atoms on vacant nitrogen sites hinder hydrogen uptake.  
Estimated reaction rate constants for the dissociative adsorption of hydrogen molecules enable 
to derive values of total hydrogen uptake as a function of the hydrogen partial pressure.  
Hydrogenation steps over the (100) plane require significantly higher reaction barriers when 
compared with the analogous steps taking place above the (111) termination.  Several factors 
contribute to the selective hydrogenation process on the (111) surface; including higher barrier 
for the first hydrogenation step in partial hydrogenation in reference to opening step in the full 
hydrogenation corridor and lower desorption energy for the C2H4
* intermediate when 
contrasted with the energy barrier for further hydrogenation.  Constructed simplified PFR 
micro-kinetic model satisfactorily re-produces conversion of ethylene and higher selectivity 
toward formation of ethene.  Higher surface stabilities for C2Hy species on the (100) surface is 
expected to facilitate full hydrogenation and formation of oligomers.   
 
While results from this study provide mechanistic insight into hydrogen uptake by Mo2N and 
partial hydrogenation of ethyne, several intriguing aspects require further experimental 
confirmation, including: 
 
The effect of the H2/C2H2 ratio.  We anticipate the decay of catalytic activity to be sensitive to 
the concentration of C2H2.  An assessment of the extent of catalysts poisoning against relative 





In real scenarios, the presence of trace oxygen in the reaction medium is difficult to avoid 
because of leaks and during start-up.  Oxygen could readily occupy the potent active sites.  
However, our theoretical modelling suggests that, hydrogenation reactions remain feasible over 
the O(H) surface groups, in an analogy to the well-established role of ceria. A confirmation of 
this theoretical finding may involve monitoring of conversion and selectivity as function of 
oxygen concentration in the mixed H2-C2H2 inlet stream. 
 
The chemical change in the structure of the Mo2N surface during the course of reaction requires 
further scrutiny.  In this regard, surface characterisation could diagnose formation of Mo2NHx 
and Mo2NHxCy phases. 
 
The literature demonstrates that, higher Mo/N ratios increase the hydrogenation capacity.  
Similarly, our theoretical modelling illustrates that, the occurrence of partial versus full 
hydrogenation depends to the type of termination, (111) versus (100) or, in other words, on the 
atomic composition of the surface.  To the best of our knowledge, the effect of surface 
termination on the catalytic activity of Mo2N has not been reported prior to the present study, 













Chapter 7 : Hydrodesulfurization of Thiophene over γ-
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Catalytic removal of the S-content from thiophene is a central step in efforts aiming to reduce 
the environmental burdens of transportation fuels.  In this chapter, we investigate the 
hydrodesulfurization (HDS) mechanisms of thiophene (C4H4S) over γ-Mo2N catalyst by means 
of density functional theory (DFT) calculations.  The thiophene molecule preferentially adsorbs 
in a flat mode over 3-fold fcc nitrogen hollow sites.  The HDS mechanism may potentially 
proceed either unimolecularly (direct desulfurization) or via H-assisted reactions 
(hydrogenation).  Due to a sizable activation barrier required for the first C−S bond scission of 
54.6 kcal/mol, we predict that the direct desulfurization to contribute rather very insignificantly 
in the HDS mechanism.  Transfer of adsorbed hydrogen atoms on the γ-Mo2N surface to the 
thiophene ring substantially reduces activation barrier required in the C−S bond scission to 
only 24.1 kcal/mol in a process that affords an adsorbed C4H6
* species and an S atom.  Further 
hydrogenation of the unsaturated C4H6
* produces 2-butene.  Kinetics and thermodynamics 
attributes dictate the occurrence of partial rather than full hydrogenation of C4H6
*.  Calculated 
rate constants for all individual steps could be utilized to construct a robust kinetic model for 
the overall HDS process.  Estimated conversion values of thiophene predict 50-70% 
consumption of thiophene at 700 K and low values of gas hourly space velocities.  Reaction 
routes and kinetic parameters provided herein are useful to design stand-alone γ-Mo2N-based 
catalysts for applications entailing partial hydrogenation and hydrodesulfurization of severely 











The growing demand on producing environmentally clean fuel has led to formulating strict 
regulations worldwide [461, 462] on oil refineries to lower the level of impurities in 
transportation fuels [462].  In petroleum industry, the removal of heteroatoms such as S, N, and 
O from organic molecules is central in the pursuit to minimise the environmental burden of the 
combustion of transportations fuel. Combustion of sulfur-containing complexes leads to form 
an oxidized species [461]. Of particular importance are sulfur and nitrogen oxides (NOx and 
SOx) that form whenever a trace load of N and S co-exists with oxygen in thermal systems.  
Among the various abatement technologies, catalytic-mediated destruction of heteroatomic 
pollutants has emerged as an effective low-temperature approach in reference to the high-
temperature gas phase oxidation.  For sulfur-bearing fuels, improving catalytic performance is 
centred toward enhancing the molecular transformation of S-species into hydrocarbons and 
hydrogen sulphide (H2S).[463, 464] 
 
HDS denotes a process that decomposes S-containing compounds into hydrocarbons and H2S 
over a catalyst in H2 atmosphere.  The HDS process typically occurs within a temperature 
spaning from 573-773 K and operates at elevated pumping pressure of up to 130 atm [465, 
466].  The conventional HDS’s catalysts that effectively desulfurize aromatic molecules 
include CoMo and NiMo sulphides [462, 467].  Furthermore, supported and /or promoted noble 
metals catalysts such as Pt and Pd demonstrate high catalytic performance in the HDS process 
toward heterocyclic compounds [468].  Thiophene (C4H4S) is the simplest sulfur-containing 
molecules [469]. It is widely deployed as a probe model in studies that examine HDS activity 
of catalysts.  Utilized catalysts are readily poisoned by sulfur deposition.  The global reaction 
step for the interaction of thiophenic compounds over a catalyst surface can be expressed as;   
 
CxHyS + nH2 → CxHy + H2S        7.1 
 
Number of reviews reported high catalytic activity of unsupported and supported Mo nitride- 
based catalysts, similar to or higher than those measured for sulfidic Mo catalysts.  The catalytic 
process takes place via a series of complex reaction networks that are dictated by the so-called 




thiophene’s hydrodesulfurization activity over unsupported molybdenum nitride (γ-Mo2N) and 
alumina-supported Mo carbide catalysts under hydrotreating conditions (i.e 633K  and 13.7 
MPa) is about five times higher than conventional sulfided Mo/Al2O3 and Ni-Mo/A12O3 
catalysts.  This was attributed to their metallic nature and to the incorporation of lattice nitrogen 
and carbon into the interstitial sites, however, XPS analysis revealed that, there is a possibility 
for the sulfidation of adsorption sites as probed by CO adsorption.  This clearly may hinder the 
catalytic performance of the aforementioned catalysts in HDS applications.  Aegerter et al. 
[184] tested thiophene’s HDS activities of three synthetic catalysts of Mo2C/Al2O3, 
Mo2N/Al2O3 , and sulfided Mo/Al2O3 that having Mo loadings of about 1.5–20 wt% measured 
by CO’s chemisorption.  They found that, after 24 h and at a reaction temperature of 693 K, 
the proposed catalysts exhibited higher HDS activity than sulfided Mo/Al2O3 catalyst.  The 
catalytic performance followed an order of sulfided Mo < γ-Mo2N< β-Mo2C and governed by 
the high density of active sites.  In-situ FT-IR measurements were performed to investigate the 
surface chemistry of thiophene on reduced passivated and nitrided γ-Mo2N/Al2O3 catalysts at 
temperature up to 673 K.  Thiophene’s probing reveals that no reaction occurs over the two 
catalysts even at 673 K.  However, when H2 is introduced, it becomes reactive at 573 and 373 
K on reduced passivated and nitrided Mo catalysts; correspondingly.  Nagai [464] evaluated 
the γ-Mo2N catalysts performance under sulfidation conditions and proposed a procedure to 
assess the deactivation behaviour. 
 
Wu et al.[471] reported that, the synthesised Mo nitride catalysts is considerably active during 
HDS of dibenzothiophene in the initial stage, but rapidly became deactivated because of the 
sulfidation effect.  In HDS’s catalysts, several distinct possible adsorption configurations have 
experimentally been observed for thiophen. Number of DFT studies have reported reaction 
routes of thiophene and its substituted derivatives in the course of the HDS process [472].  
However, several prominent reaction steps are still not clearly understood.  Literature 
demonstrates that pre-hydrogenation to dihydrothiophene or tetrahydrothiophene intermediates 
to be an important step prior to the S–C bond rupture.  Experimental measurements elucidated 
insights into the operating reaction routes.  For instance, tetrahydrothiophene was formed in 
appreciable quantitates at a high pressure and low temperature; whereas thermodynamic 






Recently, De Souza et al. [474]  reported thiophene adsorption geometries, energies and 
reaction mechanisms over vanadium carbide VC(001) and vanadium nitride VN(001) surfaces 
along with the involved intermediates.  They pointed out that, hydrogenation (HYD) pathway 
is less important than the direct desulfurization pathway (DDS) pathway over VN.  Similarly, 
a periodic DFT study reported thiophene’s dissociative uptakes over niobium nitride face 
centered cubic NbN(001) plane configuration.  Results indicate that, the DDS route is more 
kinetically feasible in reference to the HYD pathway[475] . Likewise, the HDS mechanism of 
thiophene over γ-Mo2N (100) surface catalyst as studied by Ren el al.[476].  They investigated 
the adsorption and dissociation of thiophene over the MoP(001), γ-Mo2N(100), and Ni2P(001) 
surfaces.  It was established that, thiophene adsorbs dissociatively on MoP(001), while non-
dissociatively over γ-Mo2N(100) and Ni2P(001) orientations.  The dissociation of the first C-S 
bond of adsorbed thiophene over γ-Mo2N(100) was found to necessitate an energy barrier of 
36.4 kcal/mol in an exothermic reaction of 16.8 kcal/mol. 
 
Despite these studies, to the best of our knowledge, no effort has been dedicated to investigating 
the HDS mechanisms of thiophene over the thermodynamically most stable (111) termination 
of γ-Mo2N.  Via the implementation of the ab initio atomistic thermodynamics on all plausible 
terminations of γ-Mo2N, we found the N-terminated (111) surface to incur more 
thermodynamic stability across all values of accessible chemical potential of nitrogen [113].  
Along the same lines of enquiry, particles deployed in the HDS reactions are mostly 
crystallized in the (111) direction as observed in noble metals catalysts . Most of catalysis 
theoretical and experimental studies on γ-Mo2N have pointed out to the predominance of the 
N-terminated γ-Mo2N (111) surface [113, 477, 478].  This has motivated us to theoretically 
investigate the HDS’s mechanism of thiophene over the γ-Mo2N (111) plane.  Herein, we report 
the adsorption energies and reaction rates of the involved intermediates, propose possible 
pathways in HDS process, and finally provide a thermodynamic and kinetic analysis to 







7.3 Computational Methods 
All structural optimizations and energy calculations were performed with the DMol3 code 
installed in Material Studio [479].  The exchange correlation potential was represented by 
applying the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 
functional (PBE)[439].  Double Numerical plus polarization function (DNP) basis set [274] 
(that comprises one numerical function for each occupied atomic orbital), has been applied 
along with the inclusion of a Grimme dispersion correction (G06) [248] (i.e., a van der Waals 
DFT-D functional).  The unit cell of bulk γ-Mo2N has also been optimized with considering 
the Grimme dispersion correction.  A thermal smearing of 0.01 Ha and a real-space cutoff of 
4.2 Å were considered in all computations.  For numerical integration, we utilized a medium 
quality mesh represented by 1×3×1 k-point.  Convergence tolerance for optimization 
convergence thresholds for energy change, maximum force, and maximum displacement 
between the optimization cycles were set at 0.00002 Ha, 0.004 Ha/Å, and 0.005 Å; 
respectively.  In order to reduce long-range dipole interactions caused by a charge 
rearrangement on the surface due to thiophene adsorption, a dipole correction along the z-
direction was deployed [480].  Transition states calculations via DMol3 have been performed 
through the linear synchronous and quadratic synchronous transit LST/QST methods [440].  
Merits of these two methodologies over the commonly deployed NEB method has been 
illustrated in our recent study [481]. 
The considered (2×2) supercell (11.87 Å × 9.96 Å ×18.61 Å) comprising four atomic layers 
together with the adsorbed chemical entity were allowed to fully relax.  A vacuum region of 
~18.0 Å along the z-axis averts any plausible interactions between adjacent vertical layers.  
 
We also have tested the convergence of reaction energies with respect to the number of atomic 
layers.  The calculated reaction energy for one reaction (the M1 → M2 step) over a six-layer 
slab amounts to -8.5 kcal/mol.  This value differs by only 0.2 kcal/mol (~ 2.0%) from the 
corresponding value obtained when considering a four-layer slab”.  Accordingly, all 






Furthermore, we have tested the effect of using various dispersion corrections functional (DFT-
D methods) on the adsorption energies.  Using the Ortmann, Bechstedt, and Schmidt 
(OBS)[250] functional, changes the adsorption energy for the molecular thiophene over a 3-
fcc site by only 6.0%.  Likewise, Moses et al [473] reported that the adsorption energies for 
thiophene on MoS2 surfaces were not generally influenced by the choice of the vdW functional.  
 
A detailed description of the surface active sites has been reported in our recent study on the 
selective hydrogenation of C2H2 over γ-Mo2N surfaces [477]. 
   
We determine adsorption energies (at 0 K) of γ-Mo2N/species system according to; 
 
Ead = E (surface+ species) – (E(surface) + E (species))       7.2 
 
where E (surface + species) refers to the energy of the surface and molecule system (physisorbed 
configuration), E(surface) is the energy of the clean surface, and E(species) denotes to the energy of 
the chemical species. 
 
Afterwards, we perform vibrational frequencies calculations for each step in the mechanism to 
acquire reaction rate constants according to the classical transition state theory [482] : 
 
 k(T) = A exp (-Ea/(RT ))         7.3 
 
herein; k(T) refers to the reaction rate constant, A represents the pre-exponential Arrhenius 
factor, Ea implies the activation energy in cal/mol, R stands for universal gas constant (1.987 





7.4 Results and Discussion 
7.4.1 Thiophene Adsorption over γ-Mo2N (111). 
Figure 7.1 depicts the optimized configuration of the clean N−terminated (111) slab of γ-Mo2N. 
We positioned the thiophene molecule at various orientations in order to examine potential 
HDS active sites.  
 
Figure 7.1: Optimized structure of γ-Mo2N (111) slab. Grey spheres signify Mo atoms and blue 
spheres denote N atoms.  
 Figure 7.2 displays the relaxed structures of different adsorption patterns adopted by thiophene 
(A1−A6) while Table 7.1 enlists prominent structural parameters and adsorption energies.  In 
the A1 configuration, the molecule ring adapts a parallel orientation above the triangle Mo 
vacant site (i.e. flat lying manner) and the sulfur atom is pointed to one of the molybdenum 





















Table 7.1: Computed adsorption energies (Eads, kcal/mol) and some structural properties of 
thiophene over the γ-Mo2N(111) slab. For atomic numberings, refer to Figure 7.2. 
 
 The thiophene in the A1 structure adsorbs non-dissociatively with an adsorption energy of -
33.8 kcal/mol.  In the optimized configuration, the C−H bonds slightly tilt, and they experience 
a minimal shortening from 1.095 to 1.088 Å.  The adsorption process has caused only minor 
shifts in the surrounding Mo−Mo, Mo−N, and N−N bond lengths from 2.973, 1.908, and 2.954 
Å in the clean slab to 2.894, 1.970, and 2.976 Å in the A1 configuration, respectively.  
Furthermore, thiophene’s intermolecular bonds display marginal stretching and/or shortening 
after adsorption.  For instance, S−C2, and C3−C4 bonds elongated after adsorption as compared 
to those in the gas phase from 1.760 and 1.411 Å to 1.784 and 1.423 Å in the adsorbed system, 
respectively.  On another hand, the C2−C3, C4−C5, and S−C5  bond lengths are slightly reduced 
from 1.390, 1.390, 1.760 Å in the gas phase to 1.388, 1.375, and 1.735 Å, in the adsorbed 
thiophene, correspondingly.  
 
Positioning the thiophene molecule at a 3-fold hcp nitrogen vacant site affords the lowest 
energy structure (A2, -48.8 kcal/mol) in which the S atom is separated from the surface by a 
distance of 2.658 Å.  In fact, this adsorption process does not lead to a loss of the aromaticity 
of thiophene, however; C2−C3 and C2−S bond lengths extend to 1.919 and 1.526 Å, but without 
being activated.  In the A3 structure, thiophene ring was positioned horizontally atop of 
nitrogen site at a separation of 3.109 Å, however, the structure converges into a configuration 
















C4H4S  1.390 1.411 1.390 1.760 1.760  90.18 
A1-tilted -33.8 1.388 1.413 1.375 1.784 1.735 2.635 91.61 
A2-flat -48.8 1.526 1.446 1.416 1.919 1.784 2.658 92.03 
A3-tilted2 -40.0 1.388 1.422 1.371 1.761 1.741 2.694 91.30 
A4-upright -31.8 1.359 1.448 1.358 1.759 1.759 2.527 93.20 
A5-upright2 -21.8 1.365 1.438 1.367 1.735 1.729 2.455 94.02 




at 2.694 Å.  The C3–H and C4–H bonds tilted away and lifted from the surface; most 
presumably, due to the hybridization effect.  Placing thiophene vertically over the 3-fold fcc 
Mo-hollow site resulted in moving the molecule toward the Mo-Mo bridge site and forming 
two Mo-S bonds at 2.527 and 2.504 Å.  This structure (A4) resides -21.8 kcal/mol below the 
non-adsorbed thiophene molecule.  A4 and A6 structures entail adsorption energies of -31.8 
kcal/mol and -30.3 kcal/mol, correspondingly. 
 
The calculated physisorbed energies of thiophene (extending between -21.8 – -48.8 kcal/mol) 
demonstrate a rather strong molecular interaction.  In reference to molecule-γ-Mo2N systems, 
calculated binding energies in Table 1 are in accord with analogous systems of CO (-34.3 
kcal/mol)  [152] and NO (-30.1 – -50.2 kcal/mol)[113].  The most stable molecular adsorption 
(-48.8 kcal/mol) assumes a flat orientation.  Such behaviour was found to prevail in thiophene 
adsorption over Pt(111)[483] and MoP(001)[472] surfaces.  The noticeable high adsorption 
energies enable the adsorbed thiophene molecule to react with surface hydrogen atoms 
facilitating its hydrogenation as will be illustrated in the next sections. Computational-based 
investigations reported that thiophene adsorbs horizontally over the γ-Mo2N(100) plane with 
an estimated adsorption energy of -13.6 kcal/mol. Similarly, over the NbN(001) surface[475], 
molecular thiophene preferentially adapts a flat mode, with an exothermic physisorbed energy 
of -25.3 kcal/mol.  However, over the VN(001) configuration [474], thiophene adsorbs 
vertically with an adsorption energy of -15.6 kcal/mol.  Tominaga and Nagai [484] stated that 
for β-Mo2C (001) catalysts, thiophene adsorbed vu dissociation, which in turn leads to its 
decomposition into sulfur, CH, and C3H3 species. 
 
7.4.2 Thiophene HDS Mechanism over γ-Mo2N(111) 
In modelling the HDS mechanism, we started from a hydrogen pre-covered surface.  We have 
shown in our recent study [477], that hydrogen molecules dissociate over the pre-covered N-
terminated γ-Mo2N (111) surface via facile activation barriers.  Our detailed kinetics analysis 
concurs with available experimental results pertinent to the overall rate for H2 uptake, preferred 
adsorption sites and the potential for the occurrence of surface H diffusion.  To model the HDS 
reaction of thiophene, we proposed that six hydrogen atoms are randomly adsorbed on various 
adsorption sites (viz. hcp-vacant, fcc-vacant and atop nitrogen).  This could be rationalised by 




catalytic hydrogenation reactions [465].  The key concept governing the HDS mechanism 
assumes that C−S bond scission occurs after hydrogenation of the ring.  If C−S bond is cleaved 
first, i.e., without the need of pre-hydrogenation, a direct desulfurization (DDS) route would 
be predominant.  On the other hand, the hydrogenation (HYD) mechanism suggests that, the 
S−C bond rupture proceeds after several hydrogenation steps operated by adsorbed hydrogen 
atoms.  
 
7.4.2.1 The direct desulfurization pathway (DDS) 
As stated above, the direct desulfurization process assumes no contribution of adsorbed 
hydrogen atoms during S−C bonds cleavage and leads to the formation of thiolate species. 
From an experimental point of view, it is worth mentioning that Wu et al. [471] observed that, 
dissociation of thiophene over alumina supported γ-Mo2N in an inert medium does not procced 
even at high temperatures (673 K).  However, when admitting a stream of H2, the surface of γ-
Mo2N/α-Al2O3 displays a profound catalytic reactivity toward thiophene’s decomposition even 
at temperatures as low as (373 K).  
 
Thus, it is of interest to examine the energy barriers required to split (S–C2 and S–C5) bonds 
without assistance from adsorbed hydrogen atoms.  Figure 7.3 demonstrates a potential energy 
surface (PES) diagram for the DDS pathway.  Direct fission of the S–C5 bond necessitates a 
sizable energy barrier of 54.6 kcal/mol via the transition structure TSa.  In the intermediate 
structure E2, the first S–C5 bond is significantly elongated from 1.745 Å to 3.31 Å, indicating 
a complete fission of the bond.  Formation of E2 via the S–C5 bond scission is endothermic by 
26.1 kcal/mol.  Fission of a second C2-S bond as in the E2 configuration, leaves an adsorbed 
sulfur atom attached to a surface Mo atom and a C4H4
* moiety via the transition structure TSb.  
TSb resides 50.8 kcal/mol above the E2 intermediate.  The overall (DDS) process is noticeably 
exothermic by 21.6 kcal/mol.  However, the noticeable high barriers for the first S–C5 and 
second S–C2 bond fission hinder the occurrence of the DDS process and render it as a 
kinetically unfavourable process.  Likewise, the analogous fission of the first C-S bond over 
the γ-Mo2N (100) slab requires a relatively high barrier of 36.4 kcal/mol[476].  Those high 
barriers of TSa and TSb are in accord with the experimental findings of Wu et al. [471] who 




temperatures (673 K).  Conversely, in the presence of H2, the catalyst surface can partly be 
sulfided via thiophene’s decomposition at a significantly low temperature of 373 K. 
 
Figure 7.3: Reaction mechanism for thiophene’s direct desulfurization (DDS). Values of 
activation barrier and reaction energy are in kcal/ mol with respect to the initial reactant (E1). 
Light green, blue, yellow, grey, and white stand for atoms, molybdenum, nitrogen, sulfur, 
carbon, and hydrogen, respectively.  
 
7.4.2.2 The hydrogenation pathway (HYD) 
Figure 7.4 depicts reaction routes for the hydrodesulfurization of thiophene over the N-
terminated (111) surface.  After the adsorption of thiophene, the first elementary hydrogenation 
step proceeds by H transfer from the surface to the C2 atom forming a 2-hydrothiophene (M2) 




kcal/mol (TS1). The loss of aromaticity via this reaction is accompanied with a trivial 
exothermicity of only 8.3 kcal/mol.  Subsequent to the first hydrogenation step, two possible 
reaction pathways have been proposed to generate either 2,5-dihydrothiophene (M4) or cis-
butadienethiolate (M3) adducts.  The formation of 2,5-dihydrothiophene is kinetically more 
plausible than cis-butadienethiolate.   
 
 
As Figure 7.4 shows, the energy barrier required to form 2,5-dihydrothiophene is only 20.6 
kcal/mol through a hydrogen transfer from the surface to the C5 atom (TS2-1), slightly lower 
than the analogous barrier encountered in the formation of cis-butadienethiolate at 28.0 
kcal/mol (TS2-2). Formation of M3 from M2 appears to be endothermic by 7.8 kcal/mol, 







Figure 7.4: HDS’s mechanism of thiophene over γ-Mo2N slab.  Values in bold (reaction 
energies) and italic (activation barriers) correspond to the energy of thiophene plus six atomic 
H adsorbed on the slab (M1).  Light green, blue, yellow, gray, and white stand for atoms, 
molybdenum, nitrogen, sulfur, carbon, and hydrogen, respectively.  All values are in kcal/mol 







A DFT investigation performed by de Souza et al. [475] reported that cis-butadienethiolate 
synthesis has to overcome a barrier of 25 kcal/mol over NbN (001) catalyst. Our corresponding 
barrier for this step amounts to 12.3 kcal/mol.  This finding indicates that initial steps in the 
catalytic hydrogenation of thiophene mediated by Mo-nitride proceeds via lower barriers when 
compared with niobium nitride. Further hydrogenation of 2,5-dihydrothiophene to 
tetrahydrothiophene has not been considered herein as the latter itself constitutes an important 
intermediate under low temperature and high pressure conditions [465].  
 
The activation barrier of the subsequent hydrogen transfer to cis-butadienethiolate through S 
atom demands a trivial energy barrier of 6.3 kcal/mol through (TS3-1) forming a thiol -SH 
group.  Formation of the M5 configuration is slightly endothermic. On the other hand, the 
extrusion of sulfur from cis-butadienethiolate proceeds via S–C bond rupture with the 
formation of a sulfur atom and a butadiene molecule as products (M6).  This reaction takes 
place via an activation energy of 16.4 kcal/mol through (TS3-2).  The products of these 
reactions reside 25.0 kcal/mol below the entrance channel.  The overall barrier (24.2 kcal/mol) 
for the synthesis of S* + C4H6
* is significantly lower than in its analogous step over γ-
Mo2N(100)  (2.35eV ~54.1 kcal/mol) [485].  
 
Preliminary rupture of S–C bond as a result of hydrogen transfer occurs at an energy barrier of 
37.7 kcal/mol via (TS4) and generates the moiety of cis-2-butenethiolate (M7).  To incessant 
the desulfurization process, another H transfer reaction is required to saturate (M5) into (M8) 
through (TS5) in which a modest barrier of 35.5 kcal/mol has been encountered.  This reaction 
is exothermic by -19.01 kcal/mol and the by-products are C4H6
* species and co-adsorbed HS. 
Another hydrogen atom transfer into the adsorbed HS group affords dihydrogen sulphide (H2S) 
molecule along the reaction M8→ M10 that requires activation energy of 45.3 kcal/mol via the 
transition structure (TS7).  The formation of butadiene (M10) and H2S species occurs through 
a marginal endothermicity reaction of 4.4 kcal/mol.  Desorption of H2S* into a gas-phase 





In the final C−S bond scission, adsorbed cis-2-butene (C4H6*) is formed with an activation 
energy of 51.6 kcal/mol through the transition structure (TS8). Obviously, further 
hydrogenation of cis-2-butenethiol (M9) is predicted to be a slow process owing the sizable 
barrier of TS8.  From a mechanistic point of view, elimination of the sulfur atom from the 
thiophene proceeds through two plausible intermediates namely, cis-butadienethiolate (M3) 
and cis-2-butenethiol (M9).  The corresponding required reaction barriers are, 24.2 kcal/mol 
and 57.6 kcal/mol (in reference to the entrance channel), along the reactions M3→M6 and 
M9→M11, respectively.  This indicates that, the formation of butadiene (C4H6) in (M6) to be 
a faster process than butane (C4H8) synthesis in (M11).  In a nutshell, the PES in Figure 7.4 
indicates that the HYD pathway affords adsorbed C4H6
* and S atoms rather than C4H8
*
.   The 
high barrier of TS4 infers that further hydrogenation affording the latter is not plausible when 
compared with the barrier of TS3-2 that leads to the formation of the former.  
 
The adsorbed C4H6
* adduct constitutes a precursor for the experimentally observed products 
butane, butene, and 1,3-butadiene [471]. Consequently, we devote the next two sections to 
illustrate pathways leading to the formation of stable C4 species commenced by hydrogenation 
of C4H6*. 
7.4.2.2.1 Partial hydrogenation and the formation of cis-2-Butene 
The exceptional catalytic properties of γ-Mo2N catalysts in mediating partial rather than full 
hydrogenation of alkynes is comprehensively discussed in our previous work [477]. We 
reported that, high hydrogenation selectivity of ethyne to ethene stems from the low barrier for 
the first hydrogenation step in partial hydrogenation route in reference to first hydrogenation 
step in full hydrogenation pathway, in addition to lower desorption energy for the C2H4* adduct 
when compared with the energy barrier required for further hydrogenation.  
 
Similarly, Wu et al. [180] stated that γ-Mo2N/α-Al2O3 catalysts show high selectivity towards 
the conversion of butadiene into butene rather than butane.  Figure 7.5 maps out reaction 






Figure 7.5: The largely irreversible pathways for the partial hydrogenation over the γ-
Mo2N(111) surface. All values are in kcal/mol in reference to the initial reactant (M12). 
 
Hydrogenation of adsorbed C4H6
*
 is carried out by consecutive transfer of atomic hydrogen 
placed at 3-fold fcc hollow sites to the carbon skeleton.  In other word, a saturated alkene forms 
when C2 and C5 are fully hydrogenated.  Initially, the C5−H distance was 2.491 Å in the M12 
configuration. Hydrogen transfer into the C5 atom affords the radical C4H7* that is produced at 
the same energy level of the starting reactant.  The energy barrier required for this step is only 
9.4 kcal/mol. A matching low barrier of 10.8 kcal/mol was computed for the analogous reaction 
(C2H2* + H* → C2H3*) [477]. This may be attributed to the shared location of H atom 
underneath the C5 atom in other systems (i.e., 3-fcc fold) and the very alike electronic structure 
of ethylene and butadiene.  Consequent hydrogen transfer to C2 atom in the adsorbed (C4H7*) 
produces the 2-butene (C4H8) molecule.  The calculated barrier for this step amounts to 19.2 
kcal/mol at (TS10).  A higher barrier for this step-in reference to the opening hydrogenation 
step could be attributed to the high selective nature of γ-Mo2N catalyst toward partial 




excess energy stems from stabilizing the unsaturated C4H7* into a stable adduct.  Desorption 
of C4H8
* from the surface into a gas phase butene entails an energy of 24.0 kcal/mol.  Thus, 
further hydrogenation of C4H7
* requires less energy than its desorption (19.0 kcal/mol versus 
24.0 kcal/mol).  
7.4.2.2.2 Full hydrogenation and the formation of Butane 
To shed more light on the high selective nature of butadiene to butene rather than butane over 
γ-Mo2N surface catalyst [180, 486], we consider the full hydrogenation pathways over the (111) 
slab.  Figure 7.6 demonstrates PES for full hydrogenation pathways.   
 
Figure 7.6: The largely reversible pathways for the full hydrogenation over the γ-Mo2N(111) 
surface. All values are in kcal/mol in reference to the initial reactant (M15). 
In a similar approach to the partial hydrogenation route, two H transfer reactions afford butane 
from the adsorbed 2-butene.  The initial C4−H distance is about 2.569 Å in (M15) and the 
movement of H atom from Mo vacant site toward C4 atom produces the intermediate C4H9
* 
(M16).  The formation of C4−H bond in the forward direction necessitates an energy barrier of 




than full hydrogenation is attributed to the significant difference in the energy barrier between 
in the opening step in both routes; i.e., 9.4 kcal/mol versus 23.0 kcal/mol.  This indicates that, 
the opening step in the partial hydrogenation pathway attains a higher barrier in reference to 
the corresponding step in the full hydrogenation.  A similar trend was noticed during partial 
hydrogenation of acetylene (C2H2) toward ethylene (C2H4) instead of ethane (C2H6) over (111) 
γ-Mo2N catalyst [477].  Reaction rate constants for the forward and reverse steps in the partial 
and full hydrogenation routes are documented in Table 7.2.  
 
Table 7.2: Fitted kinetic parameters of reactions operating in the partial and full hydrogenation 
in the range of 300 – 1000 K.  
 
 Reaction A (s-1.active site-1) Ea (kcal/mol) 
M12→M13 C4H6*+H*→C4H7* 2.74 × 10
17 8.4 
M13→M14 C4H7*+H*→C4H8* 2.79 × 10
17 19.8 
M15→M16 C4H8*+H*→C4H9* 6.89 × 10
11 24.2 
M16→M15 C4H9*→ C4H8*+H* 1.18 × 10
17 38.2 
M16→M17 C4H9*+H*→C4H10* 2.32 × 10
20 45.2 
M17→M16 C4H10*→C4H9*+H* 9.90 × 10
13 32.5 
 
Finally, a butane molecule is formed upon a hydrogen transfer from the Mo-vacant site to the 
adsorbed C4H7
* moiety.  This process demands a modest activation barrier of 21.3 kcal/mol 
Further hydrogenation of C4H9
* into butane proceeds at a very similar reaction barrier of the 
backward reaction into C4H8
*: 
42.1 (TS11) 40.4 (TS12)M15 M16 M17⎯⎯⎯⎯ ⎯⎯⎯⎯→  
The highly reversible nature that dictates the fate of the C4H7* moity is expected to diminish 
the occurrence of full hydrogenation. Overall, the occurrence of partial rather than full 
hydrogenation follow kinetics as well as thermodynamic rationale [487].  Based on the kinetic 
parameters, provided in Table 7.2, we can also shed a light into the occurrence of selective 




hydrogenation step exceeds that of desorption of the C4H6* moity in the gas phase by six orders 
of magnitude at 700 K (i.e., 6.5 × 1014 s-1 versus 8.4 × 108 s-1).  On the contrary, the reaction 
rate constant for the desorption of the C4H8* moity into the gas phase largely exceeds that of 
the first hydrogenation reaction into C4H9* (i.e., 8.6 × 10
8 s-1versus 4.4 × 104 s-1 at 700 K).  
This indicates that the full hydrogenation pathway is blocked by the preferential desorption of 
C4H8* over hydrogenation.  
7.4.3 Kinetic analysis 
Table 7.3 reports predicted activation energies and pre-exponential A factor of HDS mechanism 
fitted in the temperature range of 300-1000K.  Figure 7.7 portrays Arrhenius plots for the 
involved reactions.  For instance, computed reaction rate constants (per active site) for the two 
S-removal reactions M3→M6 and M9→M11 500 K attain values of 3.5×1021 and 2.08×1014, 
in that order.   
Table 7.3:  Kinetic parameters for investigated reactions fitted in the temperature range of 300-
1000 K. 








 M1 → M2 
 




7.3 × 107 12.5 
M2 → M3 
 
cis-butadienethiolate 
3.2 × 1016 21.8 
 
M2 → M4 
 
2,5-
dihydrothiophene 1.9 × 1014 14.5 
 









M3 → M6 
 
butadiene+ 
coadsorbed S 3.7 × 1021 29.7 
M4 → M7 
 
cis-2-butenethiolate 
4.4 × 1014 35.7 
M5 → M8 
 
butadiene+co-






4.7 × 10 15 
 
16.2 
M8 → M10  
 
butadiene+co-




M9 → M11 
 
cis-2-butene + co-
adsorbed S 2.2 × 1014 52.2 
 
Parameters in Table 7.3 could be used to construct a detailed and robust kinetic model for the 
decomposition of the thiophene molecule that incorporates all individual surface steps.  
However, we could also deduce global-like steps for the overall consumption of thiophene.  







=         7.4 
Where   stands for the density of active sites.  In our recent published study[477], we estimate 
  to be 7.30 × 10-10 mol/cm2  ; a value that reasonably match an experimental-derived value 
at 1.66 × 10-9 mol/cm2.  The activation energy value is taken to be the barrier of the transition 
state TS3-2 at 24.2 kcal/mol as it signifies the overall barrier for the most plausible pathway 
for removing S atom from the thiophene molecule.  Likewise, a typical A value of 1 × 1013 s-1 




entails a ratio of 0.82/0.12.  Due to the exothermic nature for the adsorption of thiophene and 
H2 on the surface of γ-Mo2N(111), it is reasonable to assume rapid conversion of gaseous 
H2/thiophene partial pressures into their corresponding surface concentration.  By assuming 
that there is no competition for adsorption sites between H2 and thiophene, surface 
concentration for H atoms (
*
HC ) and thiophene (
*
TC ) are calculated to be 5.98 × 10
-10 mol/cm2 
and 1.31 × 10-10 mol/cm2; correspondingly.  The surface rate for the disappearance of thiophene 
can be written as: 
* *( ) ( ) H Tr T k T C C= −          7.5 
Figure 7.7 plots reaction rate constants and rate of disappearance of thiophene between 400 – 
1000 K.  To the best of our knowledge, literature provides no analogous experimental estimates 
for these two quantities.  As such, the calculated values in Figure 8 could serve as a benchmark 
for catalysts experimentalists.   
 

























Figure 7.7: Reaction rate constant for the HDS of thiophene (a), and rate of the HDS process 
(b).  
Finally, we are now in a position to deduce conversion values (X) for the disappearance of 
thiophene.  By considering first-order rate law on a plug flow reactor model, X values can be 
expressed in terms of the residence time ( ), temperature and k values: 
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−                     7.6 







= −         7.7 
 At 700 K (the temperature at which the X values stabilized in the experiment[184]), the ( )k T  
value amounts to 2.78 × 105 s-1 (based on the activation barrier of the limiting reaction step at 
24.2 kcal/mol; TS3-2).  Accordingly, variation in   (in s) values changes the X values. The 
only study that reports conversion values for the thiophene HDS activity was carried out by 
Aegerter et al. [184].  However, this study provided X values against real reaction time rather 
than residence time of gas hourly space velocity (GHSV,   = 1/3600GHSV).  X values 























stabilized around 700 K at ~ 13% [184].  Table 7.4 presents X values at 700 K with considering 
GHSV values of 50 – 12,000 h-1.  The experimentally determined X value occurs at a GHSV 
of 500 h-1.  Calculating the GHSV requires knowing the volumetric flow rate and the reactor’s 
volume.  The flow rate in Aegerter et al.[184] correspondents to 8.33 × 10-6 m3/s.  Only the 
diameter of the reactor was given; 0.015 m.  The length of the reactor was not provided in 
Aegerter et al.[184].  However, to have GHSV of 500 h-1, the required reactor’s length is ~ 0.3 
m, which is a reasonable value.  As expected, higher conversion is achieved at lower values of 
GHSV (i.e., higher residence time).  
Table 7.4:  Variation of the conversion of thiophene in the HDS process with the gas hourly 
space velocity (GHSV) at 700 K. 








7.5 Conclusions  
This chapter reports the role of γ-Mo2N (111) as an active catalysis in the HDS process of 
thiophene via spin-polarized DFT calculations. We have shown that the molecular adsorption 
of thiophene adapts several modes with adsorption energies in the range of -21.8 − -48.8 
kcal/mol.  Thiophene’s HDS mainly occurs via the predominant HYD pathway affording the 
cis-butadienethiolate intermediate rather than cis-2-butenethiol. The most plausible initial 
products of the HYD process are H2S and adsorbed C4H6
* adducts.  The latter undergoes a 
sequence of partial and full hydrogenation reactions leading to 2-butene and butane; 
respectively.  We derived kinetic parameters for individual surface steps as well as global-like 
step for the overall HDS process.  Kinetics and thermodynamics analysis indicate the 
preference of partial rather than full hydrogenation of C4H6




thiophene indicates a 50-70% of thiophene’s consumption at GHSV of 60 – 100 h-1.  Thermo-
kinetic parameters reported herein are vital to understand the unique and highly selective nature 
of stand-alone γ-Mo2N catalysts to desulfurize simple aromatic molecules as thiophene. 
Mechanistic routes illustrated herein could also applicable for larger S-containing molecules 
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Promoting the production of industrially important aromatic chloroamines over transition metal 
nitrides catalysts has emerged as a prominent theme in catalysis.  This chapter provides an 
insight into the reduction mechanism of p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-
CAN) over the γ-Mo2N (111) surface by means of density functional theory (DFT-D2) 
calculations.  The adsorption energies of various molecularly adsorbed modes of p-CNB were 
computed.  Our findings display that, p-CNB prefers to be adsorbed over two distinct 
adsorption sites namely, Mo-hollow fcc and N-hollow hcp sites with adsorption energies of -
32.1 kcal/mol and -38.5 kcal/mol, respectively. We establish that, the activation of nitro group 
proceeds through direct pathway along with forming several reaction intermediates.  Most of 
these intermediaries reside in a significant well-depth in reference to the entrance channel.  
Central to the constructed mechanism is H-transfer steps from fcc and hcp hollow sites to the 
NO/-NH groups through modest reaction barriers. Our computed rate constant for the 
conversion of p-CNB correlates very well with the experimental finding (0.018 versus 0.033 s-
1 at ~ 500 K). Plotted species profiles via a simplified kinetics model confirms the 
experimentally reported high selectivity toward the formation of p-CAN at relatively low 
temperatures.  It is hoped that thermo-kinetics parameters and mechanistic pathways provided 
herein to afford a molecular level understanding for γ-Mo2N-mediated conversion of 
halogenated nitrobenzene’s into their corresponding nitroanilines; a process that entails 















Aromatic haloamine compounds are important intermediates that are extensively deployed in 
the manufacturing of various prominent chemicals; most notably drugs, pesticides, and 
pigments [489]. The main preparation routes of these amines utilize metal–acid systems or 
selective hydrogenation to the analogous haloanilines (HANs) over noble metal catalysts such 
as platinum and palladium [490-492].  However, several parameters have hindered a mass-
scale utilisation of these approaches in the production of HANs. These factors encompass high 
operating cost and low selectivity toward the formation of HANs. The latter is mainly attributed 
to hydrodehalogenation reactions that also result in the formation of aniline and 
nitrobenzene[195]. There are various factors that may contributed to the catalytic 
hydrogenation.  Overall, the selectivity underpinning reaction kinetics toward the synthesis of 
the desired haloamine is primarily governed by the nature of catalyst that should be accurately 
designed in terms of metal, support and particle size), the role of stabilizers (as a promoter and 
an inhibitor) and reactions’ condition (solvent, temperature and pressure)[489, 493, 494]. The 
catalytic-assisted hydrogenation reduction of aromatic molecules, in which molecular 
hydrogen plays a vital role as a reducing agent, has attained considerable interest.  This is owing 
to generating less quantities of acid wastes when compared with homogenous chemical 
reduction reactions (i.e., the traditional Bechamp reaction) or in a metal–acid system [495], in 
addition of being environmentally friendly [496]. Additionally, the production of hydrogen 
chloride (HCl) from the hydrodechlorination reaction affects the catalytic activity of the reactor 
[497]. Thus, it is essential to improve heterogeneous catalysts that enforce the occurrence of 
selective hydrogenation of the nitro groups to the corresponding amino groups.  
Recent related developments have decreased the rate of inhibiting the hydrodehalegentaion 
during the reduction of halonitrobenzene via using variety of metal catalysts.  An activated 
carbon-supported Pd catalyst for instance with Pd nanoparticles size larger than 25 nm in a 500 
mL reactor, was found to be highly selective towards the hydrogenation of halogenated 
nitrobenzenes of about 99.90% [498]. Ma et al. investigated the influence of using Ir nano-
particles as a support in activated carbon catalyst (Ir/C) for the hydrogenation of halogenated 
nitrobenzene. They reported that high selectivity (> 99%) to p-chloroaniline (p-CAN) was 
accomplished with a particle size of (< 3 nm) Ir nanoparticles [499]. Furthermore, a study of 
gas phase hydrogenation of ortho-chloronitrobenzene (o-CNB) to ortho-chloroaniline (o-CAN) 




[500].  It was revealed that, the selectivity of the reduction of o-CNB depends on the polarity 
of N=O bond in the –NO2 group.   
However, the use of noble metals such as Pt and Pd is undesired due to the high cost and low 
catalytic stability, in which active sites could be readily blocked under high pressure of 
deployed hydrogen [501].  It is well established that, transition metal nitride catalysts exhibit 
high catalytic performance in an array of hydrogenation reactions. The partial hydrogenation 
of acetylene over two unsupported phases of β-Mo2N and γ-Mo2N has recently been 
investigated [179].  These synthesised catalysts were prepared by the temperature‐programmed 
reaction of MoO3 with N2 + H2.  It was found that high selectivity (77–90%) toward ethylene 
formation could be attained over both β-Mo2N and γ- Mo2N crystallite phases.  However, trivial 
amount of green oil formation has been detected by XPS over γ-Mo2N in particular.   
Fernando-Lizana et al [168] stated that a 100% selectivity of haloanilines was obtained during 
liquid phase hydrogenation of p-CNB, over the crystal phase Mo nitride catalysts.  
Furthermore, they performed a reaction over alumina supported palladium as a benchmark 
catalyst. Non-selective behaviour towards the production of nitrobenzene (NB) and aniline 
(AN) from a combined hydrodechlorination/hydrogenation effects has been detected.  In 
another experimental work carried out under atmospheric pressure at 493 K accomplished by 
the same group, p-CAN was the only intermediate from the –NO2 group’s reduction via a 
reaction rate constant of (k = 2.0 min-1)[502].  From theoretical point of view, a computational 
study reported adsorption energies and reaction barriers for the elementary steps involved in 
the p-CNB reduction paths over two sites of Pd catalysts, namely, terrace and step[503]. Their 
findings suggested that, the reaction barriers of the involved reactions are about the same over 
Pd(111) and Pd(211) surfaces. However, to the best of our knowledge, this chapter is the first 
to explore the reaction pathways encountered during the p-CNB reduction over transition the 
metal nitride surface γ-Mo2N (111) via the state-of-the-art density functional theory (DFT) 
calculations.   
Routes for the formation of several reaction intermediates such as chloronitrosobenzene 
(CNSB), chlorophenylhydroxylamine (CPHA), dichloroazoxybenzene (CAOB), 
dichloroazobenzene (CAB), and dichlorohydrazobenzene (CHAB) have comprehensively been 
covered. It is known that the production of these compounds, especially 
chlorophenylhydroxylamine (CPHA), is critical during the hydrogenation of p-CNB in a batch 




highly toxic and resist oxidative decomposition. The accumulation of these compounds on the 
surface of the catalyst generally hinders the formation of p-CAN[195].  This study has a 
twofold aim: (i) to report reaction pathways for the reduction mechanism, and (ii) to predict 
kinetic parameters for all scanned steps. Thermo-kinetic parameters reported herein should be 
instrumental in the pursuit to formulate novel γ-Mo2N-based catalytic tailored for specific 
industrial applications pertinent to sustainable chemical treatment of halonitrobenzenes.  
8.3 Computational details 
All geometrical optimisations, energy and vibrations calculations were carried out by the 
DMol3 code [504], using the Perdew–Burke–Ernzerhof (PBE) generalized gradient 
approximation (GGA) as the exchange-correlation functional [439].  Localized double-
numerical basis sets along with a polarization functions (DNP)[274] afford the atomic 
environments.  A Monkhorst–Pack κ-points mesh of (1×3×1) was used in the integration of the 
irreducible part of the Brillion zone.  In all calculations, we set the thermal smearing at 0.01 
Hartree.  The convergence thresholds for energy, forces, and displacements were 2 ×10-5 Ha, 
4 ×10-3 Ha/ Å, and 5×10-4 Å; respectively along with a global cut-off of 4.2 Å.  Dispersion 
correction term (DFT−D2) has also been implemented [505]. The γ-Mo2N(111) surface as 
reported in our previous work [506], was found to be the most energetically stable plane based 
on the ab initio atomistic thermodynamics approach.  This plane was constructed by a periodic 
four-layer slab with a (2×2) supercell and a vacuum layer of 12 Å, in order to avoid interactions 
between periodic configurations along the z-direction.  During the calculations, all layers and 
the adsorbates were allowed to relax.  A test on reaction (i.e, two structures) using a global cut-
off at 5.0 Å and 1×5×1 κ-points mech has changed its reaction energy only marginally by ~ 
4%.   
The transition states (TSs) were derived by the linear synchronous and quadratic synchronous 
transit LST/QST method [440]. Vibrational frequencies yield activation enthalpies and 
entropies as a function of selected temperatures based on the Arrhenius formula: k (T) = A exp 
(-Ea / RT).  The two kinetic parameters (A-factors and activation energy, Ea) were estimated 
by fitting reaction rate constants, k(T), with the inverse of temperature (1/T) according to the 
conventional transition state theory (TST) [268]. 





Ead = E (surface + species) – E (surface + fixed species)       8.1 
 
Where E surface + species refers to the energy of the studied system and Esurface+fixed species denotes the 
energy of a non-interacting system in which the chemical species is fixed in the middle of the 
slab separated from the surface by at least 6 Å. Finally, activation barriers represent the 
difference in energy between optimised transition structures and reactants in each investigated 
step. 
 
8.4 Results and discussion 
 
8.4.1 Molecular adsorption of p-chloronitrobenzene over the γ-Mo2N (111) surface 
 
Via probing the most energy preferable adsorption site of p-CNB over the γ-Mo2N (111) 
surface, various orientations have been examined.  The nature of the interaction of the p-CNB 
molecule is primarily based on the position by which the phenylene- and nitro-groups 
contribute in the adsorption process. Consequently, the role of the adsorption molecular 
orientations in a heterogeneous catalysis via the phenylene (flat) and nitro (upright) groups 
were often regarded to be of a prominence importance [492]. Attempts to optimize a 
physisrobed state along multiple rotations always converge to either a vertical or a horizontal 
structure.  The physisorbed energies of p-CNB over the γ-Mo2N (111) surface are listed in 
Table 8.1, while side and top views of all feasible geometries are shown in Figure 8.1.  In the 
A1 configuration, the physisorption of p-CNB occurs when both O atoms of nitro group 
directly adsorb at the top of two Mo atoms via double Mo−O bonding with an average distance 
of 2.15 Å, yielding adsorption energy of -27.5 kcal/mol.  The structure of A2 configuration 
depicted in Figure 8.1 infers that, when the phenylene group is flat positioned to the 3-fold fcc 
(i.e. molybdenum vacant site), the adsorption occurs only through a single Mo−O bond with a 
distance of 2.3 Å with an associated adsorption energy of -32.1 kcal/mol.  When the p-CNB 
molecule is positioned horizontally and above the 3-fold hcp nitrogen vacant site, another 
























Adsorption description Eads (kcal/mol) 
A1  Molecular p-CNB adsorbs   in 
an upright position at bridge site  
-27.5 
A2 Molecular p-CNB adsorbs in a 
flat posture at 3-fold fcc site 
(underneath Mo atom) 
-32.1 
A3 Molecular p-CNB adsorbs in a 
flat position at 3-fold hcp site 
(underneath N atom) 
-22.0 
A4 phenylene group p-CNB 
adsorbs in a flat position on-top 
of surface N atom 
-28.8 
A5 nitro group of p-CNB adsorbs 
vertically on 3-fold hcp site 
-38.5 
A6 Phenylene group of p-CNB 
adsorbs parallel on N-top site 
-29.1 
A7 nitro p-CNB adsorbs vertically 






Figure 8.1: Top and side views of the optimized patterns of adsorbed para-chloronitrobenzene 
(ClC6H4NO2) on the γ-Mo2N (111) surface. Light blue: Mo, dark blue: N, red: O, grey: C, 






 In this configuration, all of the C atoms of phenylene group are bounded to surface Mo atoms 
through atomic distances of ~2.26 Å with adsorption energy of -22.0 kcal/mol.  A4 and A6 
structures entail very similar adsorption energies of -28.8 kcal/mol and -29.1 kcal/mol, 
respectively, in which the p-CNB is placed at the top of a surface N atom.  In the A5 structure, 
the nitro-group is linked with the surface via the two O atoms at the top of two neighbouring 
Mo atoms, i.e., the phenylene group is perpendicularly positioned above the γ-Mo2N (111) 
plane. The formed two Mo–O bonds amount to 2.27 Å with estimated adsorption energy of -
38.5 kcal/mol; indicating genuine chemical bonds.  However, when the nitro group was initially 
situated upright at the top of a surface nitrogen atom (A7), the p-CNB molecule directly 
desorbed with a height of ~4.01 Å following full optimization.  This could be attributed to the 
repulsion between the two negatively charged N and O entities. This phenomenon incurs the 
highest adsorption energy of only -4.2 kcal/mol.  In a comparison with other systems, DFT 
calculations were utilised to estimate adsorption energies for p-CAN over several Pd surfaces 
(including steeped, flat), and clusters.  Adsorption energies were found to reside in the range 
of -39.2 − -61.11 kcal/mol[507]. 
The overall aim of the hydrohalogenation process is to convert the nitro group (−NO2) of p-
CNB into an amine group (−NH2) while leaving the chlorine atom at the para site of the phenyl 
ring.  Careful inspection of the geometries in Figure 8.1 reveals that, the horizontal-like 
adsorbed A2 structure is a structurally suitable candidate to undergo hydrogenation of the nitro 
group. This adsorption mode is the most likely one to happen on the catalyst surface since it 
affords the lowest adsorption energy. Furthermore, the-flat-like configuration of A2 makes it 
more geometrically-oriented toward surface-mediated hydrogenation of its nitro group. 
Consequently, we elect to consider the A2 configuration as the initial structure in the 
hydrohalogenation mechanism of the p-CNB molecule. 
8.4.2 Mechanisms of chloronitrobenzene hydrogenation to chloroaniline 
 
Literature present various reaction routes for the hydrogenation of p-CNB molecule into p-
CAN over a wide array of potential catalysts.  Herein, guided by the experimental results [168, 
508] and in view of the previously suggested analogous mechanisms [499, 503], we investigate 
a the reduction mechanism of p-CNB into p-CAN mediated by the γ-Mo2N (111) surface.  To 
avoid the formation of toxic molecules, various plausible routes inspected depending on which 
bond is easier to break, the C−Cl bond or N=O bond [509]. Figure 8.2 depicts proposed 




proceeds via the formation of nitroso- and hydroxylamine-compounds (via mechanism A).  
However, throughout condensation–reduction, the formation of azoxybenzene and azobenzene 
intermediates (mechanism C) takes place.  Furthermore, the formation of the undesired toxic 
intermediates (i.e., azoxybenzene and azobenzene) must be suppressed during the 
hydrogenation mechanism. Further hydrogenolysis of the substituted position in parent p-CNB 
or intermediates leads to the formation of aniline (AN) and nitrobenzene (NB) [510] however, 
not to a large extent. 
 
Figure 8.2: Proposed scheme for the hydrogenation of p-CNB to p-CAN. Bold arrows refer to 
the direct reduction (mechanism A), dashed arrows depict (mechanism B) while plain arrows 




8.4.2.1 Direct dissociation pathways 
Reduction of p-CNB to p-CAN involves subsequent fission of N−O bond by which 
chloronitrosobenzene (CNSB) and chlorophenylhydroxylamine (CPHA) compounds form as 
by-products.  The corresponding structures of intermediates and transition states are depicted 
in Figures 8.4and 8.5; respectively.  Two possible pathways feature hydrogen-induced 
detachment reactions, (i.e., mechanisms A and B) while a third potential mechanism involves 
a self-condensation route (mechanism C).  Acquiring detailed potential energy surfaces for 
these three alternate routes determines the most kinetically preferred route for the 
experimentally observed products of the hydrogenation process. 
8.4.2.1.1 Mechanism A 
It is very experimentally challenging to determine to what extent the pre-hydrogenation of p-
CNB contribute to the N–O bond rupture, in reference to thermal fission process (i.e., non-
catalytic process). The calculated adsorption energy of the p-CNB molecule over pre-
hydrogenated surface was -7.3 kcal/mol.  This value is substantially lower than corresponding 
adsorption energy of the p-CNB molecule over the neat surface at -22.0 kacl/mol (for the A3 
structure later).  However, based on the facile process dictating the dissociative adsorption of 
hydrogen molecules [511],  it is expected that active sites of the Mo2N(111) surface to be pre-
hydrogenated at the temperature of the experiment. 
This has motivated us to investigate the dissociation pathway in which the N−O bond is cleaved 
directly without involvement of adsorbed hydrogen atoms. Figure 8.3 displays a potential 
energy profile for the direct N−O bond fission. The calculated reaction energy for the reaction 
ClC6H4NO2
* (D1) → ClC6H4NO
*+ O* is slightly exothermic by 2.8 kcal/mol, nevertheless, it 
associated with a sizable energy barrier of 47.7 kcal/mol via the transition state structure (TSD). 
Clearly, such high barrier hinders the occurrence of the direct surface-assisted N−O bond 
scission at the experimental temperature of 493 K[168].  This finding correlates with the high 
barrier computed (37.1 kcal/mol) for the corresponding direct fission of the N−O bonds in the 





Figure 8.3: Reaction energy and activation barrier (in kcal/mol) for the direct fission of the 
N−O bond.  
The direct dissociation pathway via hydrogen transfer from the surface proceeds by several 
elementary steps initiating by hydrogenating the first O atom of the nitro group (−NO2).  This 
process weakens the relatively strong N−O bond (70.7 kcal/mol)[6], and thus facilitates the 
subsequent N−O bond dissociations.  Hydrogen transfer reactions from different adsorption 
sites i.e., top of N atom and 3-fold hcp vacant site have been investigated.  We found that, 
hydrogen transfer from the N top-site to require a significantly higher barrier in reference to 
the analogues transfer from the 3-fold hcp N-hollow site, 7.5 kcal/mol versus 25.3 kcal/mol.  
The dependency of catalytic hydrogenation capacity of Mo2N largely depends on the existence 
of nitrogen vacant sites as we demonstrated in our previous work on the selective 
hydrogenation of acetylene to ethene over Mo2N surfaces.[513]  Starting with the first atomic 
H* transfer to the O atom in p−CNB via the reaction (1) ClC6H4NO2





*, the computed reaction energy was found to be 8.1 kcal/mol above the entrance 
channel.  The corresponding activation barrier amounts to 13.3 kcal/mol characterised by the 
transition structure TS1. Figure 8.4 shows structures, reaction and activation energies for all 
steps involved in Mechanism A, while Figure 8.5 depicts the corresponding potential energy 
surface in reference to the initial reactant. 
 
 
Figure 8.4: Structures of the intermediates and transition states for the steps involved in the 
conversion of p-CNB to p-CAN on γ-Mo2N(111) (mechanisms A (black) and B (red) arrows). 
Activation barriers and reaction energies are computed in reference to the reactant in each step.  






Figure 8.5: Potential energy surface for the conversion of p-CNB to p-CAN on γ-Mo2N(111) 
(mechanisms A (black) and B (red) dotted lines). All energies are in reference to M1. 
 
In order to demonstrate the catalytic capacity of the γ-Mo2N(111), we have considered the 
homogenous uncatalyzed first step hydrogenation step of the NO site in the parent p-CBN 
molecule.  H transfer from a hydrogen molecule to the NO site was found to incur a sizable 
barrier of 59.2 kcal/mol.  This value significantly overshoots the analogous catalysed H transfer 
step at 13.3 kcal/mol. 
Upon the hydrogenation of the first N-O bond into N-OH, its length stretches from 1.25Å to 




* proceeds with an energy barrier of 23.1 kcal/mol (TS2A) 
resulted in forming adsorbed chloronitrosobenzene (CNSB) ClC6H4NO
* as an intermediate and 
water molecule with an exothermic reaction energy of 42.0 kcal/mol (M3A).  Desorption of 
H2O
* from a surface into a gas-phase water molecule requires only 10.0 kcal/mol.  While this 




versus 47.7 kcal/mol), further hydrogenation is necessary to complete the catalytic cycle into 
p-CAN.  We accordingly presumed that, after water desorption, the initial configuration of 
ClC6H4NO
* and the adsorbed atomic H remain in the same initial state as in the reaction 2A.    
In the transition structure TS3A (reaction (3A) ClC6H4NO
* (M3A) + H*→ ClC6H4NOH
*), an 
adsorbed H* migrates into the oxygen atom in ClC6H4NO
* radical.  This step results in the 
formation of the adsorbed ClC6H4NOH (M4A), in which the N-O bond elongates by 19% in 
reference to the analogous distance in M3A.  This reaction is exothermic by 8.9 kcal/mol, with 
a modest hydrogenation barrier of 14.2 kcal/mol via TS3A.  Subsequent hydrogen transfer into 
the adsorbed ClC6H4NOH
* moiety via reaction (R4A), ClC6H4NOH
*(M4A) +H*→ 
ClC6H4NHOH
* (M5) affords the adduct moiety of ClC6H4NHOH (M5).  This step is 
exothermic by 12.0 kcal/mol and occurred via an activation barrier of 25.3 kcal/mol 
characterized by TS4A.  In the next step (R5), a water molecule is eliminated through the 
movement of a surface H* atom into the hydroxyl group of the M5 adduct.  Activation barrier 
for this step is 16.2 kcal/mol via TS5.  
Finally, an adsorbed p-CAN molecule is produced through the attachment of an H* atom to the 
NH group in ClC6H4NH
* (M6) as revealed in reaction (6).  The reaction ClC6H4NH
* (M6) + 
H*→ClC6H4NH2
*(M7) completes the reduction mechanism of p-CNB into p-CAN.  This final 
H* transfer is accomplished through transition state structure that signifies a reaction barrier of 
12.5 kcal/mol (TS6).  The adsorbed p-CAN in the M7 configuration resides in a well-depth of 
28.3 kcal/mol in reference to M6.  Consequently, it is inferred that, the hydrogenation step of 
chlorophenylhydroxylamine (CPHA, M5) in reaction R4A incurs the highest activation barrier 
and most likely to resemble the rate-limiting step. The overall reaction in mechanism A as 
Figure 8.5 portrays is exothermic by 116 kcal/mol. 
8.4.2.1.2 Mechanism B 
 
This mechanism differs from mechanism A with regard to the nature of reactions 2, 3, and 4. 
Figure 8.4 represents structure of elementary reactions in the hydrogenation of p-CNB 
(mechanism B-red arrows).  Figure 8.6 portrays the corresponding potential energy surface. In 
reaction 2B  ClC6H4NO2H
* (M2) + H* → ClC6H4NO2H2
*), the second O’s atom of the nitro 
group is hydrogenated via another hydrogen transfer step termed as the double H-induced 
dissociation, in which the nitro group is doubly hydrogenated to N(OH)2 group before the first 




The reaction energy of the new synthesised intermediate ClC6H4NO2H2
* (M3B) is found to be 
slightly endothermic by 3.3 kcal/mol.  After double hydrogenation of the nitro group, hydrogen 
transfer from 3-fold hcp vacant site to the hydroxyl’s group in M3B liberates a water molecule; 




*.  One of the OH group in the 
ClC6H4NO2H2
* intermediate departs the M3B moiety simultaneously with the movement of an 
adsorbed H* atom forming adsorbed ClC6H4NOH* (M4B) adduct as characterised by the 
transition structure TS3B via a very sizable activation barrier of 55.8 kcal/mol.  This 
elementary step appears to be exothermic by 23.0 kcal/mol.  The desorption energy of released 
water molecule is predicted to be 18.9 kcal/mol leaving behind an adsorbed ClC6H4NOH
* 
adduct.  The next step (ClC6H4NOH
* (M4B) + H*→ClC6H4NHOH
* (M5)) features a hydrogen 
transfer into the OH group via TS4B. Barrier for this step stands at 38.7 kcal/mol.  By 
comparing the activation energies required for corresponding steps in both mechanisms A and 
B, it is obvious that the activation energy of mechanism A are generally lower than the 
analogous steps in mechanism B (23.1/14.2/25.3 versus 19.0/55.8/38.7 kcal/mol), nonetheless, 
the barrier for the opening step in mechanism B is slightly lower than that of mechanism A 
(i.e., 23.1 versus 19.0 kcal/mol).  By reaching the M5 intermediate, the rest of the steps are the 
same as in mechanism A. 
8.4.2.2 Aniline formation via indirect reaction pathway (i.e. condensation pathway-
mechanism C) 
Another expected reduction route proceeds through the formation of dichloroazoxybenzene 
(CAOB) as an important intermediate in the surface-assisted coupling of ClC6H4NO
* (the 
structure M3A in mechanisms A).  The structure of dichloroazobenzene (Cl2C12H8N2
*) (CAB) 
is generated by another hydrogen transfer reaction of dichloroazoxybenzene (Cl2C12H8N2O
*, 
(CAOB).  Furthermore, dichlorohydrazobenzene (Cl2C12H8N2H2
*) (CHAB) is the final moiety 
prior to the production of p-CAN through breaking the azo bonds.  The latter term refers to the 
(–N=N–) bond in which two halophenylene rings are linked.  Figure 8.6 displays the 
configurations involved in the condensation pathways that constitute unimolecular and 
bimolecular reactions of mechanism C.  Figure 8.7 depicts potential energy surface for the 
condensation pathway of mechanism C.  Table 8.2 lists the activation barriers and reactions 





Figure 8.6:  Potential energy surface for the condensation pathway (mechanisim C). Activation 
barriers and reaction energies are computed in reference to the reactant in each step.  All values 





Figure 8.7: Potential energy surface for the condensation pathway (mechanism C). Values are 













Table 8.2: Calculated activation energies (Ea) and reaction energies (ΔE) of steps involved in 
the condensation pathway. 
 
The first four reactions are exactly the same as in mechanisms A and B.  Thus, we commence 
tracking mechanism C by the step that leads to the generation of chlorophenylhydroxylamine 
(structure M2C Figure 8.6) via the presence of adjacent pre-adsorbed ClC6H4NO
* and 
ClC6H4NHOH
* adducts (M1C).  The structure M2C forms via the reaction (ClC6H4NO
* + 
ClC6H4NHOH
* (M1C) → ClC12H8N2O
* + H2O
*), in which the formation an azo bond 
accompanies the elimination of a water molecule.  The formation of the dichloroazoxybenzene 
(CAOB) (ClC12H8N2O
*) intermediate is exothermic by 29.0 kcal/mol.  Most intermediates in 
the condensation pathway are linked with the surface via bonding O atoms with a Mo surface 
site.  Desorption of H2O into a gas-phase water molecule requires a desorption energy of 29.2 
kcal/mol. While this coupling reaction is noticeably exothermic, it demands a sizable barrier 
of 53.3 kcal/mol (TS1C).  Clearly, such high barrier presents a bottleneck for the condensation 
pathway and indicates that, the condensation route is highly unlikely to proceed kinetically via 
flat placed molecules.  The barrier of TS1C is in a well accord with the analogous barrier for 
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52.12 kcal/mol) [514].  Considering near-flat initial ClC6H4NO
* + ClC6H4NHOH
* structures 
increases the activation barrier of TS1C by~ 8.0 kcal/mol, in reference to the near-vertical 
structures depicted in Figure 8.7. 
The reduction reaction of dichloroazoxybenzene (M2C) in the reaction (R2C) Cl2C12H8N2O
* 
(M2C)+H*→ Cl2C12H8N2OH
* was found to be endothermic by 58.4 kcal/mol (M3C) with a 
very sizable activation energy 69.6 kcal/mol via (TS2C).  This high barrier is attributed to 
energy required in breaking the surface Mo-O bond in the M2C configuration.  Upon hydrogen 
transfer, the N–O bond is stretched by 0.10 Å in reference to the N–O bond in the M2C 
structure.  A second third hydrogen transfer reaction generates dichloroazobenzene (CAB) 
(M4C) via the reaction R3C: Cl2C12H8N2OH
* (M3C) + H* →Cl2C12H8N2
* + H2O
*.  This step 
proceeds via a considerable activation barrier of 54.6 kcal/mol through (TS3C) in reference to 
the M3C intermediate. The formed dichloroazobenzene (M4C) consequently reacts with an 
adsorbed H* atom resulting in the formation of the Cl2C12H8N2H
* intermediate (M5C) through 
reaction R4C. This step requires an energy barrier of 60.2 kcal/mol via transition state structure 
(TS4C) and releases an excess energy of about -32.6 kcal/mol. The next step in the proposed 
mechanism is reaction (R5C) in which dichlorohydrazobenzene moiety can be generated as a 
result of hydrogen transfer from 3-fold fcc vacant site. This reaction was found to be 
exothermic reaction by 19.4 kcal/mol (M6C) with an estimated barrier of 23.0 kcal/mol as 
represented in transition structure (TS5C).  Fragmentation of dichlorohydrazobenzene into 
adsorbed p-CAN molecule and ClC6H4NH
* radical proceeds by the attachment of hydrogen 
atom to the N atom in dichlorohydrazobenzene reaction (R6C).  This reaction is highly 
exothermic by 47.1 kcal/mol and necessitates high activation energy of about 58.7 kcal/mol 
over M7C through the transition structure TS6C, correspondingly.  A p-CAN molecule forms 
via attachment of a surface H* with the NH group in the ClC6H4NH
* moiety (M7C) along 
reaction R7C with an activation barrier of 34.6 kcal/mol (TS7C).  All in all, the high activation 
barriers for the reactions could be attributed to strong N-O and N-N bonds that are broken 
during the course of the mechanism.  
Finally, it is of interest to shed some light into the direct decomposition barriers of converting 
p-CNB to nitrobenzene (NB). We therefore investigate the dechlorination reactions of p-CNB 
into nitrobenzene (ClC6H4NO2
* → C6H4NO2
* +Cl*) over γ-Mo2N(111) facet.  Figure 8.8 
portrays optimized structures of p-CNB dechlorination. Our findings indicate that, direct 
fission the Cl-C bond is associated with a high energy barrier of 58.0 kcal/mol.  This high 




crystallographic phases of molybdenum nitride namely β-Mo2N and γ-Mo2N. They concluded 
that, both studied crystals promoted selective nitro-group reduction into amino-group and 
suppressed the dehalogenation step.  
 
Figure 8.8: Reaction energy and activation barrier for the optimized geometries involved in  in 
the surface mediated breakeg of the C−Cl bond in p-CNB.  Values are in cal/mol.  
8.5 Reaction rates and Kinetics 
 
Both β and γ phases of Mo2N display similar adsorption sites.  The unit cells for both surfaces 
only differ in their c-lattice, and hence our calculated kinetics for the gamma phase should 
resemble experimental values for the gamma phase [67].  
We predict the thermo-kinetic parameters for hydrogenation reaction of (p-CNB) over 
molybdenum nitride system. Table 8.3 reports Arrhenius parameters and activation barriers for 




reactions in the forward directions involved in direct dissociation routs. A detailed kinetic 
analysis indicates that, transformation of chloronitrobenzene into chloroaniline occurs after 
successive addition of H to Mo−N system entities.  Elimination of a water molecule occurs 
through its desorption after formation.  Selectivity of the preferred products is essential and the 
kinetic parameters significantly affect the chloronitrobenzene reduction to chloroaniline over 
γ-Mo2N catalysts.  A useful feature of reaction rate parameters provided in Table 8.3 is to assess 
the relative importance of potentially competing reactions.  For instance, based on reaction rate 
constants reported in Table 8.3, reaction R2A largely predominates the co mpeting in reaction 
R2B.  
Table 8.3:  Fitted kinetic parameters for forward and reverse surface reactions involved in the 
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Figure 8.9: Arrhenius plots of forward hydrogenation reactions (direct dissociation routs) of p-
CNB to p-CAN over the γ-Mo2N (111) surface, fitted in the range of 300 – 1000 K.  
By plotting the residence time (τ) in the plug flow reactor (PFR) against ln (1/1-X), where X is 
the conversion of p-CNB. Cárdenas-Lizana et al. [168] attained the overall consumption rate 
of p-CNB of~ 2.0 min-1 (i.e., 0.033 s-1) at 493 K and τ between 1800 and 7800 s.  Now, we are 
in a position to compare our kinetic analysis with the experimentally obtained rate constant 
[168].  Inspection of the potential energy surface in Figure 8.5 reveals that, the overall 
activation barrier for the reduction of p-CNB into p-CAN corresponds to the R2A reaction with 
a net activation barrier of 31.2 kcal/mol (i.e., the height of TS2A in reference to M1).  By 
considering a typical value of the A-factor at 1.0 × 1013 s-1, we obtain an overall consumption 
rate for p-CNB at 0.018 s-1 (at 493 K).  Clearly, our computed rate constant for the conversion 
of p-CNB correlates very well with the experimental finding of Cárdenas-Lizana et al.[168] 
(i.e., 0.018 versus 0.033 s-1).   
Following the formation of the M3A structure, all intermediates and transition states reside 
below the entrance channel. Thus, formation of p-CAN from p-CNB could be modelled based 
on the two opening reactions R1 and R2A.  Herein, we consider a simplified PFR model to 




assumption that all reactions are treated as unimolecular reactions in view of the great excess 
of p-CNB in reference to inlet H2 at the experimental conditions (i.e., 0.99 versus 0.01).  The 
simplified PFR model utilizes the specified experimental conditions by Ca´rdenas-Lizana et 
al.[168]. These conditions comprise a reactor volume of 8.0 × 10-5 m3 (with an internal 
diameter of 0.015 m) and an inlet molar flow rate of p-CNB at 8.0 × 10-8 mol/s. The initial 
concentration of p-CNB was fixed at 0.24 mol/m3. The model consists of design PFR 




=  that relate to the change in the molar flow rate (F) of the three-
considered species (M1, M2 and M3A) with the PFR’s volume (V) and the rate of the reaction 
(r) along the reaction sequence: 
 
    
 
 
The reactions are considered to be elementary with respect to the concentration (C): 
M1 1 M1 1 M2
M2 1 M1 1 M2 2 M2
M3A 2 M2
= - C + C










Rate constant values at 493 K for reactions R1 and R2 are taken from Table 8.2. The reverse 
reaction R2A was added to account for the fast reaction in the backward directions (i.e., 
activation energy is only 5.5 kcal/mol). Figure 8.10a contrasts our modelled X values with their 
analogous experimental values for τ between 1800 and 7800 s.  The latter can be varied by 
adjusting the reactor’s volume in reference to the volumetric flow rate.  Our computed X values 
slightly overshoot corresponding experimental estimates. Nonetheless, our simplified PFR 
model reasonably reproduces the experimental profile pertinent to the consumption of p-CNB.  
Figures 8.10b and 8.10c portrays the computed concentrations of species and 
conversion/selectivity (S) down the length of the PFR reactor.  The latter signifies the ratio for 




estimate for the fraction of M1 that is converted into M3A.  As elaborated on earlier and based 
on the facile nature for the all subsequent reactions (R3A-R6), we envisage that calculated S 












Figure 8.10: (a) Computed and experimental Conversion values.  (b) Calculated concentration 
values for M1, M2 and M3A as a function of the reactor’s length. (c) Conversion of p-CNB 
and selectivity (S) for the formation of M3A, a Ref [168]. 
Such deviation recorded in Figure 8.10 (c) may stem from the expected accuracy margin 
associated in DFT calculations.  For example, binding energies by GAA-DFT is typically 
associated with an accuracy margin of 6 kcal/mol.  Likewise, we are modelling a rather perfect 
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slab system while in experiments Mo2N may contain edges and terraces that normally enhance 
the rate of the reaction. 
8.6 Conclusions 
 
In this chapter, via density functional theory (DFT-D2) calculations, we map out mechanisms 
underlying the selective hydrogenation of p-CNB to p-CAN over the γ-Mo2N (111) surface 
catalyst. The two most energetically favourable adsorption sites are found when the 
chloronitrobenzene is flat and up right positioned to the Mo-hollow fcc and N-hollow hcp of 
γ-Mo2N(111) surface, respectively.  We establish that, the reduction of p-CNB to p-CAN 
proceeds through direct and indirect (condensation) pathways, however, the direct pathway 
systematically requires lower activation barriers.  Based on the TST theory, reaction rate 
constants are evaluated for the reactions involved in direct pathways (mechanisms A and B).  
The reduction process involves several steps of H* transfer from the surface (mainly at fcc and 
hcp sites) into NO-moieties.  The high barrier for direct fission of the C-Cl bond clearly hinders 
the formation of an aniline molecule.  The hydrogenation of chloronitrosobenzene is considered 
to be the rate-limiting step with an energetic barrier of 55.8 kcal/mol.  Desorption of water 
molecules entail lower desorption energies.  Mechanisms and kinetic analysis (via a simplified 
PFR’s model) presented herein illustrate pathways for the experimentally observed 
hydrogenation of the nitro group at relatively low temperatures.  Our findings systematically 
provide a comprehensive understanding into the selective catalysis of such large aromatic 
molecule and reveal the promising role of γ-Mo2N surface in producing commercially 
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In this Chapter, Cr−Mo−N thin films with different Mo contents were synthesised via closed 
field unbalanced magnetron sputtering ion plating (CFUMSIP). The effects of Mo content on 
the microstructure, chemical bonding state, and optical properties of the prepared films were 
investigated by X-ray diffraction spectroscopy (XRD), X-ray photoelectron spectroscopy 
(XPS), field emission scanning electron microscopy (FESEM), and ultraviolet-visible 
spectrophotometry (UV-Vis). XRD results confirmed the face centered cubic (fcc) structure of 
pure CrN film. The incorporation of molybdenum (Mo) in the CrN matrix was approved by 
both XRD and XPS analyses. The CrMoN coatings demonstrate various polycrystalline phases 
including CrN, γ-Mo2N, Cr with oxides layers of MoO3, CrO3, and Cr2O3. Microstructure 
results show that the grain size of Cr-Mo-N coatings increases with the increase of Mo content 
due to the formation of MoN phase, when Mo atoms interact with N atoms around the grain 
boundaries of CrN phase. XPS investigations confirmed the presence of Cr, Mo, N, C and O 
elements in the studied coatings. The optical results revealed that, the synthesised coatings 
exhibit low reflection magnitudes in the visible region of the solar spectrum, introducing them 
as good antireflection surfaces. The coatings demonstrate that, Mo-containing samples 
improved solar absorptance of about 76% was recorded in the wavelength range of 200 – 800 
nm. However, low thermal emittance of about 20% was obtained at 2500 – 15000 nm. 
Furthermore, by applying density functional theory (DFT), the computational simulated 
geometries and the measured experimental values exhibited an absorption coefficient (α) with 




Transition metal nitride composites have a wide array of outstanding properties that enable 
them to be applied in a variety of applications, including hard protective, and wear resistant 
surface layers  for high temperature machinery and selective solar absorber surfaces [385, 515]. 
In particular, chromium nitride (CrN) ceramic based-coatings have gained considerable 
attention in the last decades, since they possess high hardness, low friction coefficient, 




diffusion barrier properties, superior oxidation resistance up to 700 C, and low electrical 
resistivity (640 μ Ω. cm) [516-519]. Furthermore, CrN compounds have long been used as 
catalysts and/ or catalyst support in organic chemistry to catalyse various reactions [520, 521].  
On the other hand, molybdenum nitride compounds exhibit an array of unique physical, optical, 
and electronic characteristics due to the extensive attention that has been paid from both 
fundamental and applied fields. For instance, Mo-nitrides find direct applications in field as, 
Cu diffusion barriers [522], corrosion protective coatings for few microns [112], and as 
tribological layers with low coefficients of friction [302] and catalysts [511, 513, 523]. Several 
fabrication methods have been deployed to synthesise CrN and MoN coatings, including 
magnetron sputtering-based deposition techniques fabricated coatings with high adhesion and 
homogeneity [133, 294, 303, 305, 384, 524].  
Introducing an alloying element is an important industrial process that has widely been used as 
an active way to enhance microstructure, tribology, optical, oxidation behaviour and hardness 
of CrN. In addition, it promises the opportunity to alter the energy band gap and hence the 
electronic and optical properties can be enhanced. This has been observed by Hones et al. [525] 
when depositing four sets of magnetron sputtered Cr-based ternary transition metal nitride 
coatings Cr1−xMexNy (Me = Mo, Ti, W and Nb) with 0 ≤ x ≤ 1 over silicon, glass and high 
speed steel substrates.  Moreover, large atomic radius elements, such as Al, Zr, W, Si, Ti and 
Mo have extensively been considered as dopants to develop various properties of CrN phase 
and form the solid solution of Cr-Me-N (where Me= Al, Zr, W, Si, Ti , Ni, and Mo) [118, 179, 
307-310, 526-529]. Wo et al. [530] have examined the influence of Si on the microstructure 
and mechanical properties of CrSiN films. They stated that the integration of Si with different 
contents serves to improve the hardness of CrSiN coatings. It is inferred from previous 
literature that replacing appropriate amount of Al into the metal surface (Si)  inhibits the 
corrosive nature of the Mo(Si1-xAlx)2 nanocomposite coatings [531, 532].  Ni addition has also 
been found to enhance the toughness and improve damage tolerance of CrNiN thin films [533].  
Notably, the oxidation resistance is increased by the introduction of Cr into Mo–N coatings 
prepared at different nitrogen partial pressures. This is attributed to the accumulation of 
molybdenum atoms in the amorphous layers which surround the columnar structured 
nanocrystalline (nc-) CrN grains. Subsequently, these amorphous layers can efficiently develop 




Moreover, ternary Cr–C–N and Cr–Mo–N ceramic coatings were prepared through a 
combination of arc ion plating (AIP) and DC magnetron sputtering techniques to compare their 
microstructure and mechanical properties. Results indicated that the hardness values of cation 
solid solution (Cr–Mo–N) and anion solid solution (Cr–C–N) coatings were 23 and 34 GPa, 
respectively[517]. Yuelan et al.[535] investigated the effect of Mo content on the structural 
and mechanical properties of CrMoN/MoS2 coatings, they demonstrated that the CrMoN 
coating exhibited a solid and compact surface texture with large grains.  
In addition to introducing alloying elements, coatings properties can be improved and tuned by 
varying the sputtering plasma parameters including the substrate bias voltage 𝑉𝑏, substrate 
temperature 𝑇𝑠,  and nitrogen flow ratio (𝑅 = 𝑁2/(𝑁2 + 𝐴𝑟))  to acquire the targeted 
properties of the synthesised coatings, such as grain size, preferred orientation, lattice defects, 
microstructure, and tribological properties etc. [126, 536]. Shah et al. [537] investigated the 
influence of sputtering pressure and temperature on the as-deposited magnetron sputtered CrN 
films. The preferred orientations, morphology, micro strain, and surface roughness of CrN 
films are strongly depended on deposition conditions. Furthermore, the effect of sputtering 
target power density influences topography and residual stress on the growth of magnetron 
sputtered nanocomposite 𝑛𝑐 − 𝑇𝑖𝑁/𝑎 − 𝑆𝑖𝑁𝑥 films [538]. In addition to that, the influence of 
sputtering target power on microstructure and mechanical properties of WN and TaN coatings 
prepared by radio frequency (RF) reactive magnetron sputtering technique has been outlined 
in the literature [539]. 
Apart from experiment and from theoretical perspective, simulation modelling studies have 
been carried out to provide new insight into surface characteristics of MoN have recently been 
investigated via DFT approach [540]. On the other side, the effect of alloying element on elastic 
behaviour, hardness, and thermodynamic properties over various nitride systems such as TiN 
[541], Cr1-xAlxN [542], and CrN [543]. Zhou et al. [544] investigated the structural and 
mechanical properties of nitrogen-deficient Cr–Mo–N and Cr–W–N systems via density 
functional theory (DFT). Results reported in [39] suggest that Cr–Mo–N and Cr–W–N solid 
solutions are comprising of significant amount of vacancies on the N sublattice with a chemical 
formula of  
Cr1-xMexN1–0.5x (Me = Mo and W). The determined elastic constants suggest mechanical 




To the best of our knowledge, the effect of molybdenum target power on the electronic, 
structural, and optical properties of Mo-doped CrN coatings has not been reported. Hence, it is 
of great interest to investigate the impact of depositing those coatings at various Mo target 
power and bring new insights on the structure, chemical bonding states, and optical properties.  
 
9.3 Experimental and computational modelling 
9.3.1 Experimental procedure  
 
Ternary coatings of CrMoN have been synthesized by closed field unbalanced magnetron 
sputtering ion plating technique (termed as “CFUMSIP”) (UDP650, Teer Coatings Ltd., UK). 
The coatings were deposited onto Si (100) wafers after being polished, ultrasonically cleaned 
and dried at ambient conditions. The deposition of CrMoN films was conducted in mixed N2 
and Ar atmosphere using two Cr targets and one Mo target with purity of 99.9%. The substrates 
were rotated at a speed of 10 rpm and the bias voltage was set to be -80 V during deposition. 
The flow rate of Ar (working gas for sputtering) and N2 (reactive gas to form nitrides) were 
fixed at 50 and 60 sccm (Standard cubic centimeter per minute), respectively. The metallic Cr 
interlayer was first deposited with thickness around 0.2μm to enhance the coating adhesion 
with the substrate, then, a top coating of CrMoN was made with an approximate thickness of 
1.4 - 1.6 μm at various Mo contents by changing the Mo target power. The coated specimens 
had not been exposed to any thermal treatments. Throughout this work, we identified the 
coatings as, P0, P1, P2, P3, and P4 corresponding to CrN (Mo- target power = 0), CrMoN (Mo 
target power = 281W), CrMoN (Mo target power = 620W), CrMoN (Mo target power = 
1002W), and CrMoN (Mo target power = 1372W). The experimental preparation parameters 
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9.3.1.1 X-Ray Diffraction (XRD) measurements 
 
A powder diffractometer D8Advance (Bruker AXS, Germany) was used to determine the 
crystallographic phase. The instrument was operated at voltage of 40 kV and current of 40 mA 
with a Cu-Kα radiation source. Reflected photon energy was detected by a LynxEye detector. 
The crystalline phases were identified by the Search/Match algorithm, DIFFRAC.EVA 3.2 
(Bruker-AXS, Germany). The software is linked to the recent version of ICDD crystallographic 




9.3.1.2 XPS measurements 
 
X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos Axis-
Ultra X-ray Photoelectron Spectrometer. These measurements were performed using an Al-Kα 
monochromatic X-ray source producing photon energy of 1486.6 eV operating at 150W. All 
samples were mounted onto a stainless-steel sample holder using double sided carbon tape, and 
finally positioned in the XPS analyser chamber for analysis with the vacuum pressure 
maintained at 3 ×  10-9 Torr or above throughout the analyses. 
The binding energies scale of the photoelectron lines were calibrated by the standard binding 
energy of C1s of C-H photoelectron line (adventitious carbon) situated at 284.8 eV. An argon 
gas cluster ion source operated in monoatomic mode at 5 keV was used to remove the surface 
of any adsorbed contaminants prior to analysis. Furthermore, in XPS composition, relative 
sensitivity factors supplied by the Kratos Axis Ultra manufacturer were used to determine the 
elemental composition rather than the use of standards.  The analysis area for each 
measurement was set at a 700  300-micron slot configuration, with survey and high-resolution 
spectrum being measured using pass energies of 160 eV and 40 eV, respectively. CASA-XPS 
software was used for curve fitting and interpretation. 
 
9.3.1.3 FESEM imaging 
 
To determine the film thickness used to calculate optical properties, field emission scanning 
electron microscopy (FESEM) was performed on a commercial microscope (Zeiss Neon 40EsB 
and a Tescan Mira3). The CrMoN samples were prepared by mounting cross-sections in resin 
and polishing the mounts down to reveal the undamaged film against the substrate. The samples 
were then coated with approximately 3 nm Pt to make the surfaces conductive. Then, the 
samples were imaged using a backscattered electron detector to highlight the atomic number 
difference between the film and substrate. Elemental dispersive analysis (EDS) was used to 
verify the elemental differences. The measured thicknesses of the sputtered films by cross 
sectional FESEM images enlisted in Table 9.3 were taken by averaging several points on each 
sample. 





Understanding the behaviour of materials that achieve the desired optical properties is known 
to have an extraordinary importance. Optical measurements of coatings have been the subject 
of intense study during the last decades and great efforts have been made to develop the 
mathematical formulation to describe the optical constants of various systems. The UV–Vis 
reflectance spectroscopy was used to examine the optical characteristics of the coatings [545]. 
A UV–Vis double beam spectrophotometer with 60 mm integrating sphere (Model: UV-670 
UV-Vis spectrophotometer, JASCO, USA) was used to obtain UV-Vis reflectance spectra in 
the wavelength range from 200 to 800 nm. For a considered photon’s wavelength, the UV-Vis 
reflectance spectroscopic data was collected to determine other important optical parameters, 
such as solar absorptance, band-gap, refractive index, dielectric constants, and energy loss 
functions. 
9.3.2 Computational modelling 
 
Ground state properties such as structural optimization and energy calculations of selected 
systems have been performed via density functional theory (DFT) level of calculations. 
Generalized-gradient approximation (GGA) [546] for the exchange-correlation energy adopted 
in the Cambridge Serial Total Energy Package (CASTEP) software [347, 547]. Structural 
optimization was performed using plane wave basis sets with a cut off energy of 370.0 eV to 
expand the electronic wave functions, while an energy tolerance of 2×10-5 eV/atom and an 
atomic force tolerance of 0.05 eV/Å were utilized. The integration over Brillouin Zone, a 
4×4×4 k-points by Monkhorst grids [548] were included along with spin-polarized PAW-PBE 
functional [282] . 
9.4 Results and Discussion 
 
9.4.1 Structural and composition analyses  
 
X-ray diffraction patterns of the CrMoN coatings are depicted in Figure 9.1 and all of the 
detected matching peaks of as-deposited CrN and CrMoN coatings are given in Table 9.2. The 
XRD pattern of pure CrN coating (P0) displays diffraction peaks possessing the 
crystallographic orientations (111), (200), (200) and (220) at the respective diffraction angles 
37º, 42º, 64.2º, and 62º which corresponds to the polycrystalline structure of the face-centred 
cubic (fcc)-CrN phase.  The (200) orientation corresponds to metallic Cr that exhibits a face-




into the obtained patterns revealed that the addition of Mo metals to CrN stoichiometry led to 
an increase in the number of emerged peaks (phases) of the material while retaining the peaks 
that of pure CrN. Meanwhile, the extra emerged reflection peaks developed after Mo-doping 
are (104), (110), (112), and (222) which can be assigned to Cr2O3, Mo, MoO3, and CrO3, 
correspondingly.  XRD results also show that significant oxidation could have occurred on the 
metallic CrMoN surfaces after prolonged exposure to the atmosphere, resultant peaks are 
probably attributed to the sample’s contamination with atmospheric oxygen. Moreover, the 
incorporation of Mo to the coatings simulates some structural variations, specifically for higher 
contents (i.e. 16.6 and 15 at %). In other word, the intensity of the Mo2N (200) peak increases 
steadily with raising Mo-target power and becomes the strongest texture intensity at a power 
of 1372 W. Table 9.2 documents the space group and the pdf number of the detected matching 
peaks. The presence of CrMoN phase is uncertain [118], due to the formation of a substitutional 
solid solution of (Cr, Mo) N of magnetron sputtered coatings, where larger Mo atoms replaced 
















































































































Figure 9.1: XRD patterns of Cr-Mo-N samples. 
 
 
Table 9.2:  XRD pattern of the detected matching peaks of as-deposited CrN and CrMoN 
coatings.  
hkl Space group 2θ ICDD pdf no. 
CrN(111) Fm-3m(225) 36.3 01-080-3903 
Cr2O3(104) R-3c(167) 33.5 00-001-1294 
CrN(200) Fm-3m(225) 43. 01-080-3903 
CrN(220) Fm-3m(225) 61.2 01-080-3903 
γ-Mo2N(111) Pm-3m (221) 37.3 00-025-1366 
MoO3(022) P21/c(14) 47.0 04-007-2607 
MoO2(220) P42/mnm(136) 53.4 04-015-7152 
Cr(200) Fm-3m(225) 64.4 00-006-0694 
γ-Mo2N(200) Pm-3m (221) 43.4 00-025-1366 
Mo(110) Im-3m(229) 40.6 00-001-1207 
Cr2N(211) P-31m(162) 62.4 00-035-0803 
Si(311) Fd-3m(227) 56.4 00-001-0791 
Si(400) Fd-3m(227) 69.5 00-001-0791 
 
Based on XRD data, we estimate the average crystallite size of Debye–Scherrer relation [303] 
to evaluate the crystallite size of Cr-Mo-N coatings around the (220) reflection plane (since it 
holds the highest intensity), 
  𝐷𝑔 =
𝑘 𝜆
𝛽 cos 𝜃




Where Dg refers to the crystallite size, k signifies the crystallite-shape factor (k = 0.90), λ 
corresponds to the X-ray wavelength, β symbolizes the full width at half maximum (FWHM) 
of the (220) peak, and finally θ represents the diffraction angle.  The calculated crystallite sizes 
tabulated in Table 9.3, suggests that the Mo inserted into the CrN films resulted in greater 
lattice parameters and grain sizes compared with pure CrN coating. This is due to the formation 
of MoN phases via Mo and N atoms interaction around the grain boundaries of CrN phase. 
Furthermore, it supports the idea that Mo atoms may not only substitute the Cr on their 
locations, but they are able to incorporate and integrate around the grain boundaries of the Cr-
Mo-N matrix [535]. Figure 9.2 illustrates the compositional variations of Cr, Mo, and N 
concentrations of the studied films against Mo-target power. 
Table 9.3: Thickness and crystallite size of the studied coatings.  
sample Sample’s thickness Crystallite size (nm) 
P0 1410 135 
P1 1570 220 
P2 1690 270 
P3 1590 270 
P4 1660 270 
 
 










































The surface composition and chemical bonding states of the Cr–Mo–N films were investigated 
via X-ray photoelectron spectroscopy (XPS).  Due to the p and d-blocks transition metal nature 
of Cr and Mo, respectively, their oxy-nitrides may contain a polycrystalline phases of CrN, 
CrxOy, MoxNy, and MoOx phases [549, 550]. While the Cr and Mo cations may occupy one of 
several oxidation states, each of which exhibit a different binding energy in the XPS data 
depending on the electron structure of the atoms involved. Consequently, XPS data for a 
metallic Cr and Mo surfaces are complex, comprised of overlapping spin-orbit doublets, which 
represent Cr [551, 552] and Mo [549, 553] phases. This makes quantitative chemical analysis 
of the Cr-Mo-N system difficult to perform with a high degree of certainty.  
Figure 9.3 represents the XPS survey scan spectra for the studied sample systems. Survey scan 
analysis indicated that the films contain Cr, Mo, N, C and O atoms. The C1s peaks are attributed 
to surface contaminants since the samples had been exposed to the atmosphere for a period of 
several months. The appearance of oxygen in all Mo-alloyed films is attributed to the partial 
oxidation and diffusion of oxygen into the surface of the films which is consistent with the 
XRD findings. The presence of oxygen may also be a result of the plasma during the starting 
period of deposition process [554].  The main O1s peak from the samples has binding energy 
ranging from 530.32 eV – 532.06 eV. These findings are in good agreement with results 
expected from literature for MoO2, MoO3 and MoNx phases [555-557].  
 






































Table 9.4 lists the elemental concentrations present in the studied films. Importantly, the 
presence of Mo 3p doublets in the N 1s region presents a challenge for elemental quantification. 
In order to circumvent the problem of overestimating the N 1s content due to the interfering 
contribution from Mo 3p, quantification was performed using the deconvoluted high resolution 
spectra instead of the survey spectra. Doing so enabled the Mo3p and N 1s regions to be 
adequately separated.   From the table, it can be observed that with the rise of Mo-target power 
from 281 – 1372 W, the Mo contents increases from 5.3 at% to 15.0 at%, with a reduction in 
the Cr content from 51.7 at% to 40.1 at%. However, the nitrogen content is fluctuating from 
30.1 at % to 28.3at %. 
Table 9.4: Details of the elemental compositions of CrMoN coatings. 
 
Atomic percentage of the elements (from XPS) 
Sample Cr Mo O N 
P0 48.5 - 14.1 37.1 
P1 51.7 5.3 12.9 30.1 
P2 43.1 11.8 16.1 28.9 
P3 36.4 16.6 16.2 30.7 
P4 40.1 15.0 16.7 28.3 
 
High resolution XPS measurements were carried out at the Cr2p, Mo3d, N1s and O1s core 
levels with the aim of characterizing the chemical bonding states. Results reported here show 
that significant oxidation occurred on the coating surfaces after prolonged exposure to the 
atmosphere. This oxidation process was uncontrolled due to the temporal and spatial intervals 
between laboratories of the preparations and the characterizations. 
Prior to the measurements, 5 minutes etching by Ar gas ions at 5 keV have been conducted on 
the films. Figures 9.4-9.8 portray the XPS core-level spectra of Cr2p, Mo3d, O1s, C1s, and 
N1s. Accordingly, each curve was deconvoluted to their components (chemical bonding 
states). The envelopes for the Mo3d and Cr2p doublets are clearly seen. A summary of the 
deconvoluted results at different Mo target power (different Mo-contents) are listed in Table 
9.5. It is reported that this surface would be covered by a thin oxide layer when being in contact 
with the atmosphere [558]. McIntyre et al.  [559] showed that the concentration of the oxygen 




is the principle mechanism by which the oxidation occurs below the surface. Our XRD results 
confirm the diffusion of oxygen atoms into the bulk of the material via peaks belonging to the 
oxidation phases.  
From the pure CrN sample (P0) as displayed in Figure 9.4, the deconvoluted chromium peak 
originating from Cr2p3/2 and Cr2p1/2 bonding states. The Cr2p3/2 peak corresponds to two 
phases: Cr7C3, Cr (574.9 eV) and Cr2O3 (578.2 eV). Moreover, the Cr2p1/2 spectrum also shows 
two peaks with binding energy at 584.1 eV, belongs to the Cr7C3, Cr states and at binding 
energy of 587.4 eV corresponding to Cr2O3. The fitted N1s spectra depicted in Figure 9.4 (N), 
display two bonding states allocated at (397.0 eV) and (397.8 eV) both corresponding both to 
[554].  High resolution scans of Cr-Mo-N coatings deposited at various Mo target power of 
(281-1372 Watt) have been considered. Previous literature reported the XPS surface elemental 
























































































Figure 9.4: XPS core-level spectra of: Cr 2p, N 1s , C 1s, and O 1s of CrN  coatings. (Sample 
ID; P0) 
Figure 9.5 presents the XPS spectra of Cr2p, Mo3d and N1s of Cr-Mo-N coatings at Mo target 
power of 281 W. Deconvolution of Cr2p peak indicates that, O atoms were bonded to Cr via 
Cr2O3 (530.8 eV) and C to Cr through Cr7C3 (587.8 eV) species. The curve-fitted Mo3d spectra 
demonstrates that Mo surface atoms bind O through MoO2 (230.2 eV) and MoO3 (234.2 eV) 
and link to N via MoN and Mo2N (228.9 eV). The N 1s spectra show bonds of N with Mo via 
MoN (395.1 eV) and Mo2N (397.0 eV). Similar procedure explanation to Figure 9.6 was 
































































































Figure 9.5:XPS core-level spectra of: Cr 2p, Mo 3d, N 1s , C 1s, and O 1s of Cr-Mo-N  








































































































Figure 9.6: XPS core-level spectra of: Cr 2p, Mo 3d, N 1s , C 1s, and O 1s of Cr-Mo-N  















































































































































Figure 9.7: XPS core-level spectra of: Cr 2p, Mo 3d, N 1s , C 1s, and O 1s of Cr-Mo-N 






































































































Figure 9.8: XPS core-level spectra of: Cr 2p, Mo 3d, N 1s , C 1s, and O 1s of Cr-Mo-N 
coatings. (Sample ID; P4). 
 
Table 9.5: The deconvolution results of high resolution XPS spectra at O1s, N1s, Cr2p, and 
Mo3d photoelectron lines. 
 Photoelectr
on line 










P0 O 1s  NO  531.8  2.9 48.6 
Cr2O3 530.9 2.1 51.4 
N 1s NO  397.0 1.1 75.2 
NO 397.8 2.3 24.8 
Cr 2p Cr7C3, Cr 574.9 2.4 47.4 
Cr2O3 584.1 3.0 30.6 
Cr7C3, Cr 578.2 4.4 14.7 
Cr2O3 587.4 2.5 7.0 
P1 O 1s 
 
MoO2, MoO3 532.1 3.0 41.3 
Cr2O3 530.8 2.4  58.7 
N 1s MoN, Mo2N 397.0 1.2 70.7 
MoN 395.1 2.5 17.9 




















Mo3d Mo2N, MoN 228.9 1.0 40.5 
 MoO3 232.1 1.5 40.8 
MoO2 230.2 1.5 13.4 
MoO3 234.2 1.0 5.2 
Cr 2p Cr7C3, Cr 587.8 2.0 5.4 
Cr2O3 584.9 2.8 29.0 
Cr7C3, Cr 575.5 3 61.1 
Cr2O3 579.6 2.2 4.5 
P2 O 1s Cr2O3 530.7 2.1 45.6 
MoO2, MoO3 531.9 2.9 54.4 
N 1s MoN, Mo2N 397.1 1.2 56.1 
MoN 394.9 2.9 40.3 
MoO3 398.8 2.8 3.6 
Mo 3d Mo2N, MoN 228.7 1.0 40.9 
 MoO3 231.9 1.3 35.8 
MoO2 230.3 1.0 8.1 
MoO3 233.6 3.0 15.3 
Cr 2p Cr7C3, Cr 584.9 3.9 29.4 
Cr2O3 587.8 3.0 6.3 
Cr7C3, Cr 575.5 2.7 55.5 
Cr2O3 578.9 2.3 8.9 
P3 O 1s Cr2O3 530.3 1.7 30.6 
MoO2, MoO3 531.6 2.7 69.4 
N 1s MoN,Mo2N 397.2 1.6 58.7 
MoN 394.8 2.4 38.9 
MoO3 399.2 2.3 2.3 
Mo 3d Mo2N, MoN 228.8 1.0 39.2 
               MoO3 232.0 1.5 40.9 
MoO2 230.1 1.5 12.0 
MoO3 234.2 2.0 7.9 
Cr 2p Cr7C3, Cr 588.0 2.0 5.0 
Cr2O3 585.1 3.5 31.1 
Cr7C3, Cr 575.5 2.9 54.6 
Cr2O3 578.6 2.3 9.3 
P4 O 1s Cr2O3 530.5 2.0 35.5 
MoO2, MoO3 532.0 3.1 64.5  
N 1s MoN,Mo2N 397.2 1.7 62.0 
MoN 394.5 2.3 35.9 
MoO3 399.3 2.2 2.1 
Mo 3d Mo2N, MoN 228.6 1.0 41.8 
 MoO3 231.8 1.5 41.1 
MoO3 234.2 2.0 6.3 
MoO2 229.7 1.2 10.8 




Cr2O3 584.9 3.5 32.2 
Cr7C3, Cr 575.5 2.9 55.9 
Cr2O3 578.8 2.6 8.2 
 
Finally, the detection of Cr-O bonding suggests that an oxidation layer formed on the surface 
for all the samples is expected to improve the oxidation resistance of the coatings [535, 561]. 
Regarding surface thicknesses, Figure 9.9 depicts cross sectional FESEM images of Cr-Mo-N 
coatings prepared with various Mo-contents.  
 
Figure 9.9: Cross sectional FESEM images of Cr-Mo-N coatings prepared with various Mo-
contents. 
9.4.2 Optical spectra analysis 
 
Knowledge about electronic band structure and optical behaviour is of great interest in order 
to tune the desired material properties for certain applications. In this section, a series of optical 
constants will be discussed. 





The reflectance spectra of CrN and CrMoN coatings measured by UV-Vis in the range of 200-
800 nm are shown in Figure 9.10. The target of obtaining reflectance spectra is to determine 
the efficiency of a substance in reflecting radiant energy. Analysis of the reflectance spectra of 
the coatings revealed that, all the studied films have a relatively low reflection values in the 




Figure 9.10: UV-Vis reflectance spectra of CrN (P0) and CrMoN (P1-P4) coatings deposited 
on c-silicon substrates as a function of photon wavelength. 
 
Further, CrN film has favoured reflection characteristic over the Mo-doped CrN films.  This 
may be due to the insertion of  the metallic Mo atoms  results in forming scattering centres 
inside the material and hence trapping  the incident light [562]. Seeking to provide electronic 
information of the films as the optical band gap, the absorption coefficients should be obtained. 
The absorption coefficient (α) of the considered films was calculated according to the formula: 
𝛼 = 2.3026 
𝐴
𝑑




























Where A refers to the solar absorption given as percentage and d represents coating’s thickness. 
Figure 9.11 depicts the variation of the optical absorption coefficient of CrN and Cr-Mo-N 
coatings deposited at different molybdenum target power as a function of incident photon 
wavelength. The variation of absorption coefficient with the photon energy helps to determine 
the optical band structure and the type of electron transition included in absorption process.  
 
Figure 9.11: Variation of absorption coefficient with wavelength for Cr-Mo-N films 
deposited on c-silicon substrates. 
 
In the case of solid materials, the incident photon absorption follows the Tauc relation [563, 
564]. 
𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
𝑛              9.3               
where, α signifies the absorption coefficient, h stands for the photon energy, h is Planck's 
constant, v represents the frequency of the incident photons, A corresponds to the probability 
factor of the optical transition, Eg indicates to the optical band-gap energy and n is an index 
depends on the type of optical transitions involved in the photon absorption process. Herein, 
the index n = 1/2 and 2 is for allowed direct and indirect transitions, respectively. In general, 
the direct band-gap can be calculated via plotting h verses (αh)2 and extrapolating the linear 
part of the curve to (αh)2 = 0 in the X-axis. Likewise, the indirect band-gap can be obtained 









































the X-axis.  Figure 9.12 portrays the plots of (αhν)2 versus incident photon energy (hν) of the 
CrN and Cr-Mo-N systems.  According to the figure, the direct optical band-gap of the coatings 
extended from 2.85 to 3.00 eV with increasing Mo contents.  
 
 
Figure 9.12: Plots of (𝛼𝐸)½ versus (𝐸) of Cr-Mo-N coatings deposited on c-silicon 
substrates. 
 
9.4.2.2 Determination of the dispersion constants  
Knowledge about refractive index (n), and extinction coefficient (k) is of great importance to 
understand the optical dispersion of a crystal. In the spectral range of 200 – 800 nm, the 
refractive index and extinction coefficient were derived by the UV-Vis data and demonstrated 
in Figures 9.13 a and b. The complex refractive index is expressed as follow: 
𝑛∗ =  𝑛 + 𝑖𝑘              9.4                                             
where k denotes the imaginary part of the refractive index termed as the extinction coefficient 
and it is given via following relation: 
𝑘 =  
𝛼𝜆
4𝜋
             9.5 






























𝑛 =  (
1+𝑅
1−𝑅
) +  √
4𝑅
(1−𝑅)2
− 𝑘2            9.6 
Where R is the reflectance data and k states to the extinction coefficient. 
From Figure 9.13 a, it can be observed that all the spectra of refractive index for the studied 
films share minor differences in the considered wavelength range.  Extinction spectra, as shown 
in Figure 9.13 b, the coatings experience relatively trivial values in the visible region. Further 
investigation also reveals that these films have small values of the dispersion and absorption 



































































Figure 9.13: (a) Variation of refractive index; (b)Variation of extinction coefficient as a 
function of wavelength for Cr-Mo-N films deposited on c-silicon substrates. 
9.4.2.3 Dielectric analysis        
The dielectric function is based on frequency and can be obtained from the momentum matrix 
elements between occupied and unoccupied (excited) electronic states as shown below; 
(𝜔) = 1(𝜔) + 𝑖 2(𝜔) = (𝑛(𝜔) + 𝑖𝑘(𝜔))
2       9.7 
Where, the real part 1(𝜔), is associated with electronic structure and illustrated the linear 
response of the system to electromagnetic energy. whilst, 2(𝜔) relates to the interaction of 
photons and electrons to obtain the optical band gap [565, 566]. The real part is described by 
[567], 
1 =  𝑛
2 − 𝑘2           9.8 
  2 = 2𝑛𝑘            9.9 
 
ε1 (ω) resembles to the polarized material that resulted when applying an electric field, whereas 
ε2 (ω) corresponds to the loss energy. From Figure 9.14a it is evidently seen that ε1 spectra 
exhibit a reducing behaviour with the photon energy. Similarly, ε2 spectra shown in Figure 
9.14b demonstrates an energy dependent reducing character. However, ε1 and ε2 curves show 








Figure 9.14: (a) Real part of dielectric constant; (b) Imaginary part of dielectric constant vs 























































































9.4.2.4. Volume energy loss and surface energy loss functions analysis 
 
It has been reported that the energy loss is caused by inelastic scattering process during the 
charge transfer and charge conduction mechanisms [568]. The energy loss is assessed by 
determining the loss tangent, which expressed by the following formula; 
𝑡𝑎𝑛𝛿 =  
𝜀2
𝜀1
                                 9.10 
Figure 9.15 displays the energy dependent loss tangent of CrN and CrMoN films synthesised 
at different Mo content. It is clearly noticeable that doping CrN with Mo results in decreasing 
the amount of energy loss in the whole studied range. Our loss tangent values of the synthesised 
films are expected to be low due to ε2 is far lower than that of ε1. 
 
 







































There are two categories of energy loss functions as volume energy loss function, Vel and 
surface energy loss function, Sel [569]. 
𝑉𝑒𝑙 = 𝐼𝑚 (−
1
𝜀(𝜔)




2                     9.11 
𝑆𝑒𝑙 = 𝐼𝑚 (−
1
𝜀(𝜔) + 1 
) =  
𝜀2
(1+𝜀1)2 + 𝜀2
2                   9.12                                                                       
In similar situation to loss tangent, Vel and Sel are both closely related to the real and imaginary 
parts of dielectric function. Consequently, Vel and Sel values shown in Figure 9.16a and 9.16b 
are also predicted to be in their minimal values. Furthermore, adding Mo metal to the CrN 
material enhances the qualities of the films by reducing their energy loss for a wide range of 












































Figure 9.16: (a) Volume energy loss; (b) surface energy loss variations as a function of 
photon energy of Cr-Mo-N coatings deposited on c-silicon substrates. 
9.4.2.5 Selective solar absorbers 
 
Selective solar surfaces harness solar energy into heat using cermet (ceramic–metal) - based 
coatings. To meet the necessities of efficient spectrally selective solar absorber materials, high 
absorptance in the solar wavelength range and a low emittance in the infrared (IR) region are 
highly demanded. Extensive work has been done to optimize cermet-based solar absorbers to 
achieve high performance by exploring different cermet composites via different preparation 
methods such as electrodeposition, sputtering, pulsed laser deposition, and solution-based 
methods. Using FTIR spectrometer (Perkin Elmer Spectrum 100 FTIR Spectrometer, USA), 
the solar reflectance of the coatings has been obtained in the wavelengths of 2.5 – 15.5 mm. 
For a solid material, solar selective of surfaces can be estimated as a ratio between the solar 
absorbance A calculated from UV-Vis reflectance data  and solar emittance E obtained from 
infrared spectra, (𝑆 = 𝐴/𝐸)  [570]. Using Beckmann-Duffie method, solar absorbance and 
solar emittance can be calculated [571]. As depicted in Table 9.6, our films record relatively 
good solar selectivity properties; however, the film named as P3 affords the highest solar 








































Table 9.6: thermal emittance, solar absorbance, and solar selectivity values of Cr-Mo-N 
synthesized with different Mo-target power. 
 
Sample Emittance (ε %) Absorptance (α %) Solar selective s 
P0 38.8 67.7 1.7 
P1 42.6 74.8 1.7 
P2 30.0 70.2 2.3 
P3 20.0 72.9 3.6 
P4 27.3 75.5 2.7 
 
9.4.3 Computational modelling  
First-principle based studies are the most promising method to predict ground state properties 
of materials. Herein, we performed density functional theory (DFT) calculations to perform 
structural relaxation and energy calculation considering the fcc-CrN phase as predicted by 
XRD analysis. The optimized unit cell, shown by Figure 9.17, composed of one formula unit 
(i.e. Cr=4 atoms and N=4 atoms) exhibits NaCl type-structure with space group of Fm-3m. The 
estimated lattice parameters of a=b=c (4.11 Å) with α=β=γ (90o). Furthermore, the estimated 






Figure 9.17:  Optimized configurations of the suggested alloys. Gray, light blue, and, indigo 
spheres refer to chromium, molybdenum, and nitrogen atoms, respectively. 
 
 In order to check the reliability of the parameters used to theoretically calculate various optical 
properties, total density of states DOSs had been modelled aiming to assess and calculate the 
electronic structure of CrN system. Figure 9.18 depicts the electronic density of states (the 
incorporation of valance and conduction bands). It is apparent from calculating the total density 
of states at the Fermi level predicts that CrN exhibit a conducting nature and this finding was 






Figure 9.18: Theoretically predicted total density of states of CrN system. 
 
Furthermore, the theoretical treatments provided the refractivity and absorption spectra as a 























































Figure 9.19: (a) Theoretical refractivity spectra; (b) Theoretical absorption spectra as a 
function of wavelength of the proposed alloys. 
 
 
The distribution of refractance, in Figure 9.19a, indicates all thin films having transparent 
characteristics in the visible range, while Figure 9.19b, depicts a moderate absorption values 
in the same range.  Refractivity spectra exhibit invariable high values in the infrared range. In 
contrast, absorption coefficient curves display constant small values in the same range.   
The predicted refractive index (n) and extinction coefficient (k) spectra, in the wavelength 


































Figure 9.20: (a) Predicted variation of refractive index; (b)The calculated variation of 
extinction coefficient with wavelength for the proposed alloys. 
 
Both refractive index and extinction coefficient spectra exhibit similar trend as the dielectric 
functions in that they both have peak values in the shorter wavelength regions. The simulated 
and experimental refractive index has analogous behaviours in the wavelength range from 200 
to 800 nm. Finally, the calculated real and imaginary components of dielectric function are 





























































were smaller values than that from experiments in the visible range of the E-M spectrum 
suggesting a lesser loss of energies in the aforementioned region. Also, the similar dielectric 
behaviours of both simulated and experimental results validate our findings from this study. 
Real and Imaginary dielectric spectra demonstrated relatively elevated values in the Infrared 













































































This chapter explored the physico-chemical properties of Mo-doped CrN coatings synthesized 
by magnetron sputtering with a mixture of Ar+N2 reaction gas.  All the as-deposited coatings 
displayed face-centered-cubic (fcc) CrN phase with multiple crystal orientations in (111), 
(200), and (220) directions. When the Mo-target power was augmented from 0 to 1663 W, the 
Mo content was found to be linearly growing in the Cr–Mo–N coating from 0 to 16.6 at. % and 
correlated with a corresponding reduction in Cr from 50 to 15.6 at.%. Remarkable enhancement 
in the solar absorptance behaviour of the coatings by the insertion of Mo interlayer was 
recorded to be 73% associated with 20% thermal emittance. Accordingly, Cr-Mo-N system 
revealed the topmost solar selectivity value of 3.7. The role of Mo addition in the CrN coating 
is found to be promising and has proven that CrMoN films have potential applications in solar 





















This dissertation demonstrates a novel scholarly knowledge on materials modelling within the 
framework of DFT reporting physical and chemical properties of bulk and surfaces of γ-Mo2N 
with an emphasis on catalytic-assisted reactions and optical behaviour of Cr-Mo-N coatings.  
 
To start with, we implemented the quasi harmonic approximation approach (QHA) reporting 
thermo-mechanical properties for MoN phases across wide temperature range of 0-2023 K 
(melting point) and pressures up to 12 GPa.  Calculated values were in accord with rather very 
limited corresponding experimental estimates.   At ambient conditions, the hexagonal δ-MoN 
configuration affords higher mechanical stability in reference to cubic c-MoN.  Based on 
predicted Bader’s charges, we predicted a charge transfer from metallic to non-metallic atoms 
i.e. (Mo 1.85 e; N -1.83 e in c-MoN and Mo 1.27 e ; N -1.27 e in δ-MoN). 
 
Moving towards inspecting surface characteristics of hexagonal phases of molybdenum and 
tungsten nitrides, we then performed periodic DFT calculations to investigate surface 
relaxations and construction of several low Miller indices for hexagonal phases of molybdenum 
and tungsten nitrides.  Ab initio atomistic thermodynamic enabled to plot the surface free 
energies for atomic terminations in both materials as a function in the nitrogen chemical 
potential.  Based on acquired thermodynamic stability trends, we predict that nitrogen 
terminated (111) and (100) surfaces of δ3-MoN and δ-WN, respectively to incur higher 
thermodynamic stability than other plausible terminations.  As we have shown in Chapter 6 of 
the thesis, prominent catalytic steps take place over N-vacant sites.  For this reason, we 
computed energies required to create nitrogen vacant sites and predicted their equilibrium 
concentrations as a function of temperature for selected surfaces of δ3-MoN and δ-WN.   The 
maximum surface concentrations for N-vacant sites attain values of    7.7 × 1019 and 2.8×1017, 





In light of literature’s experimental studies that report temperature programmed desorption 
(TPD), temperature programmed reaction (TPR) measurements, and catalytic tests, over 
surfaces of molybdenum nitrides, we constructed reactions mechanisms and developed kinetics 
models for surface-mediated reactions by Mo2N.    
 
We mapped out all steps operating in the full and partial hydrogenation of C2H2 over γ-Mo2N 
(111) and γ-Mo2N (111) surfaces.  We computed reaction rate constants and overall uptake rate 
for the dissociative adsorption of hydrogen molecules; mainly over N-vacant sites.  We predict 
that hydrogen transfer from N-vacant site to atop N site to be a feasible process owing to a 
relatively low surface diffusion barrier.  We constructed a simplified plug flow reactor model 
to account for the experimentally observed profiles of products.  Higher selectivity for the 
formation of C2H4 instead of C2H6 is mainly attributed to higher activation barrier for the 
opening hydrogenation step in full hydrogenation when contrasted with the analogous step 
encountered in the partial hydrogenation route.  Overall, we illustrated the selective occurrence 
of partial hydrogenation based on kinetics and thermodynamics considerations.  For instance, 
stronger binding of the adsorbed C2H3 adduct with the surface (in comparison to adsorbed 
C2H5) facilitates its further hydrogenation into C2H4, whereas the fate of adsorbed C2H5 is 
mainly dictated by its desorption into the gas phase and the backward hydrogen transfer 
reaction.  
In the next hydrogen transfer reaction, we provide an atomic-base description of thiophene 
hydrodesulfurization (HDS) routes over a surface of γ-Mo2N.  Results suggested that thiophene 
adapts a flat molecular mode va noticeably exothermic adsorption energies.  Sizable activation 
barrier operated in the in the C-S bond scission largely shuts down the direct desulfurization 
(DDS) pathway.  Hydrogen transfer from N-vacant sites into a carbon atom adjacent to the S 
atom reduces the required activation energy to split the S-C bond in the thiophene molecules 
by 55.8 % in reference to the direct C-S fission route.  Our calculated activation and reaction 
energies reveal a facile conversion of thiophene into C4 adducts and H2S.   Developed global-
like reaction model affords conversion values that are very comparable with experimental 
estimates.   
Several experimental studies have investigated catalysis by molybdenum nitrides toward the 
production of the industrially important aromatic chloroamines via H-induced reaction of 




chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) over γ-Mo2N (111) surface by means 
of DFT calculations.  Transformation of the CNB molecule into CAN takes place via a series 
of hydrogen transfer steps.  These reactions mainly comprise several hydrogen transfers 
reactions into the O/OH groups, N-OH bond fissions, and hydrogen transfer to unsaturated N 
atoms in the pre-structure of the CAN molecule.  Hydrogenation of the p(C)Cl site was found 
to acquire a sizable activation barrier, and thus preventing further reduction into unsubstituted 
aniline.  The absence of aniline from the product profiles in the catalytic experiments concurs 
with our kinetics analysis.  
In the last part of this project, we evaluate the effect of adding various loadings of Mo into CrN 
coating fabricated using plasma assisted magnetron sputtering method, termed as closed field 
unbalanced magnetron sputtering ion plating (CFUMSIP).  Structural, chemical bonding states, 
morphological, and optical properties of the coatings were inspected via several surface 
measurements techniques.  XRD and XPS analyses confirm the incorporation of molybdenum 
(Mo) in the CrN matrix.  Various polycrystalline phases including CrN, γ-Mo2N, Cr with oxides 
layers of MoO3, CrO3, and Cr2O3 are present in the new fabricated coatings.  The grain size of 
Cr-Mo-N coatings increases with the Mo content, most presumably due to the formation of 
MoN phase via the interaction of Mo atoms with N atoms nestled close to the grain boundaries 
of CrN phase.  XPS investigations confirmed the presence of Cr, Mo, N, C and O elements in 
the studied coatings.  The synthesised coatings show low reflection magnitudes in the visible 
region of the solar spectrum. This clearly renders the newly synthesises coatings as a promising 
material in for antireflection surfaces.  It is found that, Mo-containing samples enhanced solar 
absorptance by 76% the wavelength range of 200 – 800 nm.  However, the thermal emittance 











10.2 Future Directions 
Herein, we convey recommendations for potential future research; 
It is insightful to construct a thermodynamic stability diagram that takes into account all 
plausible phases of MoNx phases at all experimentally accessible T-P conditions.  In this 
regards, the QHA approach is a robust formalism to determine values of G(T,P) , per bulk 
formula for all MoNx phases.   
Literature plots the surface free energies of Mo2N as function of nitrogen chemical potential.  
Recent studies have synthesised nitrogen rich phase of MoN2, and thus, it will be informative 
to explore structures, stability diagram, and to compute N-vacant equilibrium concentrations 
of this phase.  Calculated electronic and energy values for MoN2 surfaces could shed a light 
on its excellent catalytic capacity toward some reactions for example oxidation of CO into CO2.  
 
In Chapters 6-8, we utilised global-like model to predict chemical conversion values.  It would 
more accurate to develop step-by-step models that take into account the entire reaction 
networks.  This could be accomplished by kinetic modelling packages such as CHEMKIN or 
Cosilab.  
 
It is important to report thermo-mechanical, electronic and optical properties of other metal 
nitrides compounds such as, PtN2, Zr3N4 Hf3N4, and Ta3N5 that are foreseen to exist from first 
principles point of view. 
 
Hydrogenation mechanisms of aromatic compounds (such as benzene) into their corresponding 
non-aromatic compounds (for example cyclohexane) could be studied both theoretically and 
experimentally over Mo-N-based catalysts.  Hydrogenation of benzene could serve as a source 
for C2H2 and C2H4 streams.  Likewise, we think it is important to re-visit oxidation of CO and 
NOx (into CO2 and N2) with a focus on radical species that form as intermediates on surfaces.  





Similarly, it is insightful to investigate another hydrotreating processes that occur during the 
production of fuels. Potential chemical phenomena include the HDN of other N-bearing 
compounds such as pyridine as well as the hydrodeoxygenation (HDO) of guaiacol and CO 
hydrogenation into methanol. 
 
Annealing temperature is an important factor to probe the stability of the synthesised coatings 
at elevated temperature.  Thus, it is important to perform an annealing test to investigate the 
phase stability.  Mechanical test (via nano-indentation) is required to assure that adding 
molybdenum improves the hardness and bulk modulus of parent compounds.  Experimentally 
obtained results could then be contrasted with QHA-DFT simulated results. need to be taken 
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